University of Pennsylvania

ScholarlyCommons
Publicly Accessible Penn Dissertations
2021

Kinesin-4 Motor Teams Effectively Navigate Dendritic Microtubule
Arrays Via Track Switching And Regulation Of Microtubule
Dynamics
Erin Masucci
University of Pennsylvania

Follow this and additional works at: https://repository.upenn.edu/edissertations
Part of the Biochemistry Commons, Biophysics Commons, and the Cell Biology Commons

Recommended Citation
Masucci, Erin, "Kinesin-4 Motor Teams Effectively Navigate Dendritic Microtubule Arrays Via Track
Switching And Regulation Of Microtubule Dynamics" (2021). Publicly Accessible Penn Dissertations.
4465.
https://repository.upenn.edu/edissertations/4465

This paper is posted at ScholarlyCommons. https://repository.upenn.edu/edissertations/4465
For more information, please contact repository@pobox.upenn.edu.
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Abstract
The organization of structurally polarized microtubules into networks is critical for efficient cargo
transport mediated by the molecular motors dynein and kinesin. The motility properties of molecular
motors are best understood in simplified reconstituted systems using single microtubule filaments, as
well as in cells with radial microtubule arrangements and axonal compartments with uniformly oriented
microtubule arrays. However, it is not understood how active transport occurs in environments with more
complicated cytoskeletal geometries, such as the mixed polarity microtubule arrays found in the
dendrites of neurons. Here we focus on the plus-end directed kinesin-4 KIF21B motor that is associated
with retrograde biased cargo movement in dendrites, despite the mixed polarity microtubule organization.
How KIF21B achieves this net directional bias, as well as whether KIF21B is primarily responsible for
retrograde directed motility is not known. To understand this, we examined KIF21B motility on mixed
polarity microtubule arrays within in vitro systems of increasing complexity and in live neurons. In
reconstituted systems with recombinant KIF21B and engineered dynamic antiparallel microtubule
bundles or extracted mixed polarity dendritic microtubule arrays, the nucleotide-independent microtubule
binding regions of KIF21B were shown to modulate microtubule dynamics and promote directional track
switching. For analysis of KIF21B motility, existing methods to automate motor tracking were not ideal,
and we developed a segmentation tool called Cega, to detect purified fluorescently labeled kinesin motors
moving within a system with high background noise. Interestingly, KIF21B motors did not display the net
directional bias along stabilized extracted dendritic microtubule arrays, as seen by KIF21B in live cells.
This in combination with the dramatic stabilization of microtubule dynamics by KIF21B suggested that
directional bias required microtubule remodeling by KIF21B motors, and thus would only be observed
along native dynamic microtubule arrays. Unsurprisingly, KIF21B optogenetic recruitment to dendritic
cargo induced net retrograde movement, and both native microtubule dynamics and the secondary
microtubule binding regions of KIF21B were required to achieve this directional bias. These results
suggest a mechanism where teams of cargo bound KIF21B motors coordinate nucleotide-sensitive and
insensitive microtubule binding sites to regulate microtubule stability and promote track switching and
ultimately achieve net retrograde movement along the mixed polarity microtubule arrays of dendrites.
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ABSTRACT

KINESIN-4 MOTOR TEAMS EFFECTIVELY NAVIGATE DENDRITIC MICROTUBULE ARRAYS
VIA TRACK SWITCHING AND REGULATION OF MICROTUBULE DYNAMICS
Erin M. Masucci
Erika L. F. Holzbaur and E. Michael Ostap

The organization of structurally polarized microtubules into networks is critical for
efficient cargo transport mediated by the molecular motors dynein and kinesin. The
motility properties of molecular motors are best understood in simplified reconstituted
systems using single microtubule filaments, as well as in cells with radial microtubule
arrangements and axonal compartments with uniformly oriented microtubule arrays.
However, it is not understood how active transport occurs in environments with more
complicated cytoskeletal geometries, such as the mixed polarity microtubule arrays
found in the dendrites of neurons. Here we focus on the plus-end directed kinesin-4
KIF21B motor that is associated with retrograde biased cargo movement in dendrites,
despite the mixed polarity microtubule organization. How KIF21B achieves this net
directional bias, as well as whether KIF21B is primarily responsible for retrograde
directed motility is not known. To understand this, we examined KIF21B motility on
mixed polarity microtubule arrays within in vitro systems of increasing complexity and in
live neurons. In reconstituted systems with recombinant KIF21B and engineered
dynamic antiparallel microtubule bundles or extracted mixed polarity dendritic
microtubule arrays, the nucleotide-independent microtubule binding regions of KIF21B
were shown to modulate microtubule dynamics and promote directional track switching.
For analysis of KIF21B motility, existing methods to automate motor tracking were not
vi

ideal, and we developed a segmentation tool called Cega, to detect purified fluorescently
labeled kinesin motors moving within a system with high background noise. Interestingly,
KIF21B motors did not display the net directional bias along stabilized extracted dendritic
microtubule arrays, as seen by KIF21B in live cells. This in combination with the
dramatic stabilization of microtubule dynamics by KIF21B suggested that directional bias
required microtubule remodeling by KIF21B motors, and thus would only be observed
along native dynamic microtubule arrays. Unsurprisingly, KIF21B optogenetic
recruitment to dendritic cargo induced net retrograde movement, and both native
microtubule dynamics and the secondary microtubule binding regions of KIF21B were
required to achieve this directional bias. These results suggest a mechanism where
teams of cargo bound KIF21B motors coordinate nucleotide-sensitive and insensitive
microtubule binding sites to regulate microtubule stability and promote track switching
and ultimately achieve net retrograde movement along the mixed polarity microtubule
arrays of dendrites.
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CHAPTER 1: Introduction
I. Intracellular Transport
To sustain life, cells require efficient targeted delivery to supply newly
synthesized materials throughout the cytoplasm to sites of need and transport
malfunctioning components to recycling centers for clearance. In 1948, Weiss and
Hiscoe first challenged the idea that cytoplasmic material remained stationary in cells by
constricting nerve fibers and discovered that cytoplasmic material dynamically moves
from the cell body into the axons of neuronal cells (Weiss & Hiscoe, 1948). Following
this discovery, experiments performed using dyes and radioactive labeling indicated that
cytoplasmic material moves both away from and toward the cell body, at a variety of
speeds (Lasek, 1967; Lubinska et al., 1963; Lubiñska et al., 1964; Lubińska, 1964; Ochs
et al., 1969; Samuels et al., 1950). Subsequently, fast intracellular movement was
shown to depend on the microtubule (MT) cytoskeleton and molecular motor ATPases
kinesin and dynein (Karlsson & Sjöstrand, 1971; Lye et al., 1987; Paschal et al., 1987;
Paschal & Vallee, 1987; Bruce J. Schnapp et al., 1985; R. D. Vale et al., 1985; Vallee et
al., 1988; Willard et al., 1974). Years of microscopy imaging and biochemical
experimentation following these discoveries have determined that kinesin and dynein
motors attach to cargos and dynamically transport them along MTs via processive
mechanical stepping using the chemical energy in ATP hydrolysis (Belyy & Yildiz, 2014;
Bhabha et al., 2016; Cross, 2004, p. 20; Nobutaka Hirokawa, 2011; Pathak et al., 2018;
Roberts et al., 2013).
MT-based cargo motility is tightly regulated to achieve efficient transport without
wasting the cell’s energy stores. This is accomplished by controlling the modifications
1

and arrangement of MT networks, as well as the composition and number of active
motors present on cargo (Burute & Kapitein, 2019; Franker & Hoogenraad, 2013;
Tanaka & Hirokawa, 2016). MTs are dynamic polymers with intrinsic structural polarity
(L. Amos & Klug, 1974; Bergen & Borisy, 1980; Crepeau et al., 1977; Horio & Hotani,
1986; T. Mitchison & Kirschner, 1984; Walker et al., 1988). This polarity dictates the
direction of motor movement; dynein motors process towards the minus-end of MTs,
while most kinesin motors process toward the dynamic MT plus-ends (Lye et al., 1987;
Paschal et al., 1987; Paschal & Vallee, 1987; R. D. Vale et al., 1985). Most of our
trafficking knowledge comes from monitoring cargo movement in live cells within simple
radial and axonal MT arrays, and in simplified in vitro systems using purified single MTs
(Belyy & Yildiz, 2014; Burute & Kapitein, 2019; Nobutaka Hirokawa et al., 2010).
Nevertheless, there are many examples of cell types containing more complicated MT
geometries which molecular motors must navigate (Muroyama & Lechler, 2017;
Sanchez & Feldman, 2017). For example, in contrast to the uniform polarity MT arrays
found in the axons, a more complex mixed polarity MT network exists within the
dendrite. These complex dendritic MT networks are composed of a variety of tubulin
post-translational modifications (PTMs) and MT associated proteins (MAPs) that create
different subpopulations of MTs with diverse organization and dynamics. However, it is
unclear how dendritic motors establish directional long-distance transport along these
complex MT networks, and if the MT code of tubulin PTMs and MAPs is involved in
directing processive motor movement within dendritic MT networks.
In this dissertation, I aim to address the mechanism by which plus-end directed
kinesin-4 KIF21B motors establish processive retrograde motility on mixed polarity
dendritic MT arrays. First, I discuss the components of intracellular transport and their
2

complex regulation in neuronal dendrites (Chapter 1). I then introduce Cega, a single
particle segmentation algorithm, developed to assist in automated analysis of
fluorescently labeled kinesin motor proteins moving along MT networks in systems with
high structured background noise (Chapter 2). Subsequently, I examine the properties of
KIF21B motors necessary for directional transport along mixed MT arrays engineered
within in vitro systems with increasing complexity as well as in live cells (Chapter 3).
Finally, I discuss future experiments to understand motor-based transport in other
complex cytoskeletal systems (Chapter 4).
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II. Microtubules
MTs were first observed with polarization microscopy in the dividing cells of sea
urchin eggs and chicken embryos (Hughes & Swann, 1948; Shinya Inoué & Dan, 1951),
and were later seen with electron microscopy (EM) in cilia and flagella (Fawcett & Porter,
1954; I. Manton & Clarke, 1952; Irene Manton, 1952). With the advent of glutaraldehyde
fixation (Sabatini et al., 1963) and antibodies raised to detect tubulin (Banerjee et al.,
1992), MTs were observed more routinely in many cell types and structures such as cilia
and flagella, mitotic cells, blood cells, plant cells, and brain tissue (Behnke & Zelander,
1967; Borisy & Taylor, 1967; Brinkley et al., 1975; Freed & Lebowitz, 1970; Gibbons,
1963; Ledbetter & Porter, 1963; Shelanski & Taylor, 1967; R. C. Weisenberg et al.,
1968; Wilson & Friedkin, 1967). At the same time, the discovery and use of the MT
depolymerizing drug colchicine, revealed that intact MT networks are important for cell
division, intracellular transport, and muscle cell formation (Borisy & Taylor, 1967; Freed
& Lebowitz, 1970; Okazaki & Holtzer, 1965; Shelanski & Taylor, 1967; R. C. Weisenberg
et al., 1968; Wilson & Friedkin, 1967). Subsequent biochemical experiments revealed
that MTs are composed of repetitive units consisting of two ~55 kDa subunits, which
Hideo Mohri named the protein subunits that make up MTs as “tubulin” (Mohri, 1968).
These subunits consist of two distinct tubulin proteins, α- and β-tubulin, that interact to
form obligate heterodimers (Renaud et al., 1968; Shelanski & Taylor, 1968). After years
of research following these discoveries, we now have a core understanding of the MT
structure and function in cells.
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Figure 1.1. The microtubule structure.
A) MTs are composed of α/β tubulin heterodimers. Both α- and β-tubulin bind GTP and
incorporate into the MT lattice by interacting head to tail longitudinally to form
protofilaments and laterally to form a hollow cylindrical tube. Incorporation into the lattice
catalyzes the hydrolysis of GTP bound by β-tubulin to GDP. B) MTs are dynamically
instable and switch between periods of slow growth and rapid catastrophe. Growth and
catastrophe occur primarily at MT plus-ends in cells. C) Both α- and β-tubulin can be
post translationally modified at various locations within the globular tubulin core and the
C-terminal tails. D) In cells, the γTuRC complex consists of proteins that recruit a ring of
γ-tubulin, which mimics the minus-end of the MT lattice, and templates the growth of
new MT plus-ends.

5

Structure
Cytoplasmic MTs that assist in intracellular transport are polymers composed of
α/β tubulin heterodimers that bind guanosine triphosphate (GTP) (Figure 1.1A) and
interact head-to-tail to form protofilaments and laterally to form rigid hollow cylindrical
tubes ~ 25 nm in diameter (Figure 1.1B) (Bryan & Wilson, 1971; Erickson, 1974; Feit et
al., 1971; Gittes et al., 1993; R. Ludueña et al., 1977; Olmsted & Borisy, 1975; Richard
C. Weisenberg, 1972). In cells, the number of protofilaments arranged within the MT
lattice is variable: MTs are most commonly found with 13 protofilaments, but have been
observed to form intact lattices with 9 to 16 protofilaments (Chaaban et al., 2018; Desai
& Mitchison, 1997; Evans et al., 1985; Fojo, 2008; Raff et al., 1997; Roll-Mecak, 2019;
Savage et al., 1989; Tilney et al., 1973). These filaments are polarized in structure; the
‘minus-end’ of the polymer with α-tubulin exposed is structurally different from the ‘plusend’ with β-tubulin exposed (L. Amos & Klug, 1974; Bergen & Borisy, 1980; Crepeau et
al., 1977). Due to the structural differences between plus and minus-end, tubulin addition
is more rapid at plus-end, where β-tubulin is exposed (Cote & Borisy, 1981; T. J.
Mitchison, 1993).
Dynamic Instability
Cytoplasmic MTs are dynamic polymers that cycle between periods of slow
growth and rapid shrinkage. The transitions between growth to shrinkage and shrinkage
to growth are called catastrophe and rescue, respectively (Figure 1.1B)(Desai &
Mitchison, 1997; Horio & Hotani, 1986; T. Mitchison & Kirschner, 1984; Walker et al.,
1988). Tubulin heterodimers incorporate into the MT lattice upon β-tubulin binding GTP
and are referred to as ‘GTP-tubulin’ (Figure 1.1A). Soluble tubulin has a very slow rate of
6

GTP hydrolysis, but upon incorporation into the polymer, the GTP in the β-tubulin is
quickly hydrolyzed to guanosine diphosphate (GDP) while the GTP in the α-tubulin is not
hydrolyzed (Spiegelman et al., 1977). This form of tubulin is referred to as ‘GDP-tubulin’.
The fast rate of GTP hydrolysis after incorporation into the polymer likely leads the
majority of the MT lattice consisting of GDP-tubulin (David-Pfeuty et al., 1977).
Cryo-EM studies have elucidated difference in structure between GTP- and
GDP-tubulin lattices and highlight the importance of the ‘GTP-cap’ in stabilizing the
conformationally strained GDP-tubulin dimers within the MT lattice. For growing MTs, the
ends of protofilaments appear straight, and form either blunt-ended or tapered sheets
(Chrétien et al., 1995; Kukulski et al., 2011; Mandelkow et al., 1991). In contrast,
protofilaments at the end of depolymerizing MTs are curved and appear to peel from the
MT end (Chrétien et al., 1995; Mandelkow et al., 1991). However, in more recent
experiments, the growing MT ends have been observed to initially display a bent
conformation, similar to that of the depolymerizing ends, that are straightened by thermal
motions to form an intact lattice (J. R. McIntosh et al., 2018).
The transition between growth and catastrophe is related to the ‘GTP-cap”
present at the MT ends. When β-tubulin is bound by GTP, the α- and β- tubulin subunits
align in a straight conformation, but when β-tubulin is bound by GDP, tubulin dimers
display a more curved conformation (Alushin et al., 2014; Mandelkow et al., 1991;
Manka & Moores, 2018; Nogales & Zhang, 2016; R. Zhang et al., 2015). When tubulin
dimers are added at a faster rate than β-tubulin GTP hydrolysis, the straighter GTP
bound tubulin dimers incorporate into the growing MT lattice and create a ‘GTP cap’,
stabilizing the growing end (Figure 1.1)(T. Mitchison & Kirschner, 1984). As the rate of
GTP hydrolysis catches up to the growing end, the GTP cap is lost and the more curved
7

GDP tubulin at the tip favors catastrophe (Carlier et al., 1984; Carlier & Pantaloni, 1981).
Rescue is thought to occur with the reestablishment of the GTP cap. Therefore, the
switch between growth and catastrophe is dependent on the concentration of tubulin
present, as a longer GTP cap promotes lattice growth, while depolymerization rate is
independent of tubulin concentration (Manka & Moores, 2018; Nogales & Zhang, 2016;
Walker et al., 1988, 1988; R. Zhang et al., 2015). In addition, MT dynamic instability
properties vary based on the composition of tubulin isotypes present in the lattice
(Drechsel et al., 1992; O’Brien et al., 1990). Tubulin isotypes will be discussed in the
following section.
A variety of drugs and GTP analogs have been discovered to influence dynamic
instability and have led to a better understanding of the GTP versus GDP MT lattice. The
slowly-hydrolyzable GTP analogue, guanosine-5′-[(α,β)-methyleno]triphosphate
(GMPCPP), stabilizes and stiffens the MT lattice when bound to tubulin dimers (Hyman
et al., 1992, 1995; Müller-Reichert et al., 1998). In addition, the drug Taxol was isolated
in the 1970s by Mansukh Wani and Monroe Wall at the Research Triangle Institute
(Perdue, 1969; Wall & Wani, 1995), and soon after was found by the Horwitz group to
reversibly bind to MTs within cells and stabilize dynamics (Parness & Horwitz, 1981;
Schiff et al., 1979). MT stabilization by Taxol results in the arrest of G2/M cell cycle
transition (Schiff & Horwitz, 1980). In x-ray scattering and cryo-EM studies, Taxol binding
was suggested to reduce the curvature within tubulin dimers to assist in lateral
association of protofilaments and make the MTs lattice more flexible (Andreu et al.,
1992; Dye et al., 1993; Felgner et al., 1996, 1997; Howard & Timasheff, 1988;
Kawaguchi & Yamaguchi, 2010; Kikumoto et al., 2006; Venier et al., 1994). In contrast,
drugs such as colchicine, nocodazole and vinblastine have been shown to promote MT
8

depolymerization, but also arrest cells in the G2/M phase (S. H. Liu et al., 1994; Y. Lu et
al., 2012).
Tubulin Isotypes
Many organisms contain multiple α- and β-tubulin genes that compose
cytoplasmic MTs, referred to as tubulin isotypes (Redeker, 2010). Some isotypes are
expressed ubiquitously, whereas the expression of others is restricted to specific cell
types and developmental stages. All tubulin isotypes within the α- and β-tubulin families
have high sequence homology, and form similar structures (Chaaban & Brouhard, 2017;
Sullivan & Cleveland, 1986). Despite this conservation in sequence, in vitro studies and
overexpression models in Drosophila and C. elegans have shown that specific tubulin
isoforms preferentially form MT lattices with differing protofilament number (Fukushige et
al., 1999; Raff et al., 1997; Savage et al., 1989; Ti et al., 2018). In addition, dynamic MTs
made up of distinct purified β-tubulin isoforms display different polymerization rates,
which suggests that differences in the divergent C-terminal tails control MT dynamics
(Banerjee et al., 1992; Pamula et al., 2016; Panda et al., 1994; Vemu et al., 2017). Also,
β3-tubulin is predominantly expressed in neuronal cells and is associated with
decreased polymerization rates (Banerjee et al., 1990; Denoulet et al., 1986).
Interestingly, β3-tubulin expression has recently been shown to be critical for regulating
MT dynamics in growth cones and neurite outgrowth (Latremoliere et al., 2018). More
recently, EM studies have indicated differences in MT lattice structure and protofilament
number as a result of variable tubulin isoform composition (Chaaban & Brouhard, 2017;
Howes et al., 2017; Ti et al., 2018; Vemu et al., 2017). However, it is not well understood
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how such slight differences in each tubulin isotype contributes to the range of MT
properties found in cells.
Post-Translational Modifications
The large variation in MT properties can better be explained with tubulin post
translational modifications (PTMs). Both α- and β- tubulin subunits are post
translationally modified (Figure 1.1C), and most modifications are reversible and
concentrate on the C-terminal tails, called the E-hooks, that are composed of highly
charged, acidic amino acids (Janke, 2014; Y. Song & Brady, 2015). The most abundant
tubulin E-hook modifications include tyrosination, detyrosination, Δ2-tubulin, Δ3-tubulin,
polyglutamylation, and polyglycylation. Modifications to the globular tubulin core include
phosphorylation, acetylation and polyamination (Janke, 2014; R. F. Ludueña, 1998; Y.
Song & Brady, 2015; Verhey & Gaertig, 2007; Wloga et al., 2017; Yu et al., 2015). Other
modifications such as palmitoylation, ubiquitination, glycosylation, arginylation, and
sumoylation have also been reported (Janke, 2014; Y. Song & Brady, 2015; Verhey &
Gaertig, 2007; Yu et al., 2015) and are just beginning to be understood.
In eukaryotes, acetylation occurs on conserved lysine 40 (K40) residue of αtubulin, and lysine 252 (K252) residue of β-tubulin, (Chu et al., 2011; Janke, 2014;
LeDizet & Piperno, 1987; L’Hernault & Rosenbaum, 1985; R. F. Ludueña, 1998; Y. Song
& Brady, 2015; Verhey & Gaertig, 2007). Interestingly, K40 of α-tubulin is located within
the lumen of the MT, and popular models suggest that the major tubulin
acetyltransferase (αTAT/MEC17) diffuses along the MT lattice and catalyzes K40
acetylation at sites of lattice damage (Akella et al., 2010; Downing & Nogales, 1998;
Janke, 2014; R. F. Ludueña, 1998; Y. Song & Brady, 2015; Soppina et al., 2012; Verhey
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& Gaertig, 2007; Yu et al., 2015). Because αTAT/MEC17 has low catalytic activity,
acetylation accumulates slowly over time along intact MT lattices (Szyk et al., 2014). In
addition, acetylation has been suggested to influence protofilament number and weaken
interprotofilament contacts, reducing lattice rigidity which results in more flexible lattices
that are more resistant to breakage upon bending (Cueva et al., 2012; Eshun-Wilson et
al., 2019; Portran et al., 2017; Topalidou et al., 2012; Xu et al., 2017). Therefore, K40
acetylation on MT lattices is associated with stable, long-lived MTs. Soluble tubulin
dimers are quickly deacetylated after removal from the tubulin lattice by histone
deacetylase 6 (HDAC6) and sirtuin 2 (SIRT2) (Hubbert et al., 2002; North et al., 2003).
Thus, while long-lived MTs are acetylated, newly synthesized MTs are devoid of
acetylation. K252 acetylation of β-tubulin has been suggested to be catalyzed by the
San acetyltransferase, which modifies free tubulin dimers and prevents their
incorporation into MTs due to the close proximity of K252 to the nucleotide binding site
and tubulin interface (Chu et al., 2011).
Most α-tubulin isoforms are synthesized with a C-terminal tyrosine residue (Arce
et al., 1978; Ersfeld et al., 1993; Schröder et al., 1985). This tyrosine can be removed
enzymatically by carboxypeptidase complexes consisting of Vasohibin and the small
vasohibin binding protein (SVBP), and added back by tubulin tyrosine ligase (TTL)
(Aillaud et al., 2017; Ersfeld et al., 1993; Janke, 2014; R. F. Ludueña, 1998; Raybin &
Flavin, 1977; Schröder et al., 1985; Y. Song & Brady, 2015; Verhey & Gaertig, 2007;
Wloga et al., 2017; Yu et al., 2015). TTL exclusively modifies tubulin heterodimers
(Raybin & Flavin, 1977), while the CCP enzymes responsible for detyrosination act
preferentially on intact MTs (Gundersen et al., 1987). Therefore, detyrosination is mostly
found on stable and long-lived MTs (Cambray-Deakin & Burgoyne, 1987; Robson &
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Burgoyne, 1989), while tyrosination is associated with newly synthesized, dynamic MTs.
Detyrosination has been suggested to make MTs structurally more flexible (Kerr et al.,
2015; Robison et al., 2016). Δ2-tubulin is also formed from the removal of the glutamate
residue following tyrosine on α-tubulin by CCPs (Janke, 2014; R. F. Ludueña, 1998;
Paturle-Lafanechère et al., 1991; Y. Song & Brady, 2015; Verhey & Gaertig, 2007;
Wloga et al., 2017; Yu et al., 2015). Δ2-tubulin can only occur after detyrosination of the
tubulin E-hook and accumulates on long-lived MTs. The Δ2-tubulin modification is
irreversible because the tubulin E-hook cannot be re-tyrosinated by TTL.
Finally, other modifications such as polyglutamylation, polyglycylation,
phosphorylation and polyamination are also present on tubulin (Janke, 2014). Glutamate
or glycine residues are added to glutamate residues present on the E-hooks of both α- or
β-tubulin by TTL-like (TTLL) enzymes (Janke et al., 2005). Some CCPs remove Cterminal glutamate side chains altogether at their branch point, while others only shorten
long glutamate side chains (Rogowski et al., 2010). Addition of glutamate residues to
tubulin subunits renders the C-terminal tails more acidic, and is thought to influence the
electrostatic binding of proteins to MTs (Bigman & Levy, 2020). Both soluble and
polymeric α- and β-tubulin are irreversibly polyaminated at glutamine residues by
transglutaminases (TGs). Polyamination adds positively charged amines to tubulin
subunits, making MTs more basic. This modification occurs near α- and β-tubulin
interfaces and the GTP binding pocket of β-tubulin and has been shown to promote
tubulin polymerization and stability (Y. Song et al., 2013). In addition, both α- and βtubulin are phosphorylated by serine/threonine kinases. Phosphorylation of β-tubulin by
cyclin-dependent kinase 1 (CDK1) is thought to sterically inhibit polymerization due to
the proximity of phosphorylation sites to the nucleotide binding site (Chu et al., 2011;
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Fourest-Lieuvin et al., 2006; Ori-McKenney et al., 2016). In contrast, the phosphorylation
of the E-hook of α-tubulin by the tyrosine kinase Syk only slightly affects MT
polymerization (Faruki et al., 2000). Collectively, the presence of distinct tubulin isotypes
and PTMs throughout the cell dictates the tubulin code that can be regulated by the cell.
Microtubule Associated Proteins
In addition to tubulin isotypes and PTMs, MT-associated proteins (MAPs) provide
another layer of diversity to MTs. These proteins include nucleating proteins (γ-tubulin
ring complex (γTuRC)/augmin), stabilizing and crosslinking structural MAPs, severing
proteins (katanin and spastin), +TIP/-TIP localizing proteins (such as end-binding protein
3 (EB3)/Patronin), and molecular motors (Bodakuntla et al., 2019; J. Chen et al., 1992;
Holly V. Goodson & Jonasson, 2018; Lyle et al., 2009a, 2009b; Ribbeck et al., 2006;
Sasabe & Machida, 2006; Schuyler et al., 2003; Thadani et al., 2009). These MAPs
compete with each other for MT lattice binding as a consequence of overlapping binding
sites, which can result in subsets of MTs with different dynamics and spacing. For
instance, MAP7 displaces tau from MTs in vitro (Monroy et al., 2018). Tau, MAP2 and
MAP4 decoration prevent MT severing from katanin (Qiang et al., 2006). Further, the
CAMPSAP/Nezha/Patronin family of proteins protect static and dynamic minus-ends in
cells from depolymerization mediated by molecular motors (Akhmanova & Hoogenraad,
2015; Baines et al., 2009; Goodwin & Vale, 2010; Meng et al., 2008).
MAP binding can also be regulated by tubulin PTMs. Tau, MAP2 and MAP1B
have been shown to preferentially interact with MT lattices containing tubulin modified
with chains of 3 glutamate residues, while MAP1A interacts primarily with MTs
containing tubulin with longer glutamate chains (Bonnet et al., 2001; Boucher et al.,
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1994; Ikegami et al., 2006; Larcher et al., 1996; Qiang et al., 2006). Interestingly, MAP2
and detyrosinated MTs colocalize with β3-tubulin at structures within rat retinal cells,
suggesting that MAP2 localization could also be regulated by tubulin isotypes and/or
tubulin detyrosination (Noble et al., 2016). Spastin preferentially severs MT lattices
containing polyglutamylated tubulin over those without modification (Lacroix et al., 2010).
In addition, katanin preferentially severs MTs with glutamylated and glycylated tubulin
subunits (Sharma et al., 2007). Thus, the combination of tubulin isotypes, tubulin PTMs
and MAP decoration influence MT structure, organization, mechanical properties, and
dynamic instability. This complex, tunable regulation creates a complex interdependent
MT code within the cell, organized and regulated specifically for the physiological needs
of the cell and its specific state.
Dendritic MT Organization
Within cells, cytoplasmic MT networks are not all the same. Specialized MT
networks are particularly important for muscle contraction, cell division, and neuronal
health, and disruptions to MT function are associated with many diseases such as
developmental defects, cancer and neurodegeneration (Gerdes et al., 2009; Salinas et
al., 2008; Sarli & Giannis, 2008; Wood et al., 2008). As suggested in the previous
section, tubulin PTMs and MAPs mark specific subsets of MTs and influence the stability
and spacing of MTs within networks to assist in cargo distribution. In addition, some cell
types consist of simple MT arrays, while others contain more complex geometries. For
example, interphase MTs are commonly organized by MT organizing centers (MTOCs)
that recruit yTuRC to provide a γ-tubulin ring template and nucleate the growth of new
MT plus-ends (Sanchez & Feldman, 2017; Wu & Akhmanova, 2017). The perinuclear
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localization of the MTOC nucleates MT networks with radial geometry within cells, where
the MT minus-ends concentrate to the center of the cell near the nucleus, and dynamic
plus-ends extend to the cell periphery (Figure 1.2)(C. Allen & Borisy, 1974). In
fibroblasts, the individual MTs within these radial arrays have been shown to be
differentially marked by acetylated and tyrosinated tubulin (Cambray-Deakin &
Burgoyne, 1987). In addition, to assist in the equal separation of chromosomes during
mitosis, MTs are reoriented so that the MT minus-ends cluster at spindle poles to form
two separate radial arrays that overlap in the middle of the cell, forming regions of
parallel and antiparallel crossing spindle MTs (Figure 1.2)(Brinkley & Cartwright, 1975;
S. Inoué et al., 1975; Shinya Inoué & Sato, 1967). The separation of detyrosinated and
glutamylated tubulin into kinetochore and interpolar MTs and tyrosinated tubulin into
astral MTs provides a map for the cell to direct the movement of chromosomes bound by
molecular motors toward the midline for proper alignment (Barisic et al., 2014, 2015b;
Bobinnec et al., 1998; Gundersen & Bulinski, 1986; Regnard et al., 1999). In this
network, both MAPs MAP4 and PRC1/Ase1 are important for maintaining spindle
organization (Samora et al., 2011; Shrestha et al., 2012; Zhu & Jiang, 2005).
Interestingly, PRC1 is trafficked to the midzone by kinesin motors, where it crosslinks
antiparallel MTs (Subramanian et al., 2010)
Mammalian neurons also contain regions of complex MT arrangements (Figure
1,2). In axons, MTs are organized into arrays with uniform polarity with plus-ends
extending out toward the growth cone (Burton & Paige, 1981; Heidemann et al., 1981).
In contrast, MTs are oriented into arrays with mixed polarity in the dendrites of
mammalian neurons (Baas et al., 1988; Burton, 1988; Heidemann & McIntosh, 1980).
Initial measurements using curved tubulin “hooks” to measure MT polarity (Heidemann &
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McIntosh, 1980) showed that axons of rat hippocampal neurons contain uniform plusend out oriented MTs, while only 57% of the MTs within dendrites are oriented with their
plus-ends extending away from the cell body (Baas et al., 1988). Studies focused on
dynamic MTs, as assessed by EB3 dynamics, show that 60% of dendritic MTs are
oriented plus-end out in both rat and mouse hippocampal neurons and neurons
composing mouse neuromuscular junction (Ayloo et al., 2017; Kleele et al., 2014;
Stepanova et al., 2003).
Studies in live neurons indicate that this mixed polarity environment is
established on purpose and does not occur by chance. Developing neurons initially
sprout several immature processes that mature to form axons and dendrites (Dotti &
Banker, 1987). MTs in these neurites are initially oriented with uniform plus-end polarity,
like that of the mature axon (Dotti et al., 1988; Stepanova et al., 2003). At stage 3, one of
the neurites outgrows the others and becomes the axon, and is followed by the
maturation of the other neurites into dendrites at stage 4 (de Anda et al., 2005; Dotti et
al., 1988). It is thought that uniform plus-end out MTs present initially in neurites are
actively maintained in mature neurons, while minus-end out MTs are transported and
nucleated in dendrites over time to form mixed polarity arrays in vertebrate neurons, and
uniform minus-end out MT arrays in invertebrate neurons (Baas et al., 1988; Stepanova
et al., 2003). Experiments in C. elegan neurons have shown that minus-end out MTs in
the dendritic shaft are organized by non-centrosomal MTOCs located in the dendritic
growth cones (Liang et al., 2020). These non-centrosomal MOTCs co-migrate with
Rab11 vesicles and γTuRC and their positioning depends on plus-end out MTs and
kinesin and dynein motor activity. MTs in both axons and dendrites are also locally
regulated by the HAUS/augmin complex that functions to recruit γTuRC to existing MT
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lattices to nucleate growth of new filaments (Cunha-Ferreira et al., 2018; SánchezHuertas et al., 2016). This protein complex helps to regulate MT orientation, density and
bundling in both axons and dendrites.
Only recently have dendritic MT arrays been shown to contain an interesting
code of tubulin PTMs that hint at a possible way to distinguish between MTs by their
polarity (Figure 1.2). A model proposed by Kapitein and colleagues (Katrukha et al.,
2021; Tas et al., 2017) suggests that the rat hippocampal dendritic MT network is
composed of distinct unipolar MT bundles, marked by tubulin tyrosination and
acetylation. Dynamic tyrosinated MT bundles are oriented plus-end out, while stable
acetylated bundles are oriented plus-end in. Further, acetylated bundles are clustered
within the center of the dendritic shaft and are surrounded by tyrosinated bundles
located closer to the cell membrane and tip of the dendrite. Interestingly, the MT density
within dendrites seems to increase toward the plasma membrane, where tyrosinated MT
bundles have been suggested to concentrate (Katrukha et al., 2021), suggesting that the
MT spacing may also be different between these MT populations. Indeed, there are
several MAPs known to translocate to dendritic MTs, but their patterning so far has not
been shown to be as distinct as that of the tubulin PTMs (Binder et al., 1985; Bloom et
al., 1984; Caceres et al., 1984; Dehmelt & Halpain, 2005; Huber & Matus, 1984; Matus
et al., 1981; Monroy et al., 2020; Sato-Yoshitake et al., 1989). Despite the distinction
between MT polarity by tubulin PTMs, and potentially MAPs, and the stability and
spacing of MTs, the mechanism by which materials are transported long distances in
dendrites remains a mystery. For my thesis, we focused on how mixed polarity dendritic
MT geometries influence the long-distance movement of kinesin motors. Comparing the
properties and regulation of a subset of kinesins that operate along the antiparallel MTs
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in mitotic spindles to those that operate within mixed polarity dendritic MT arrays will
help us understand the mechanism of kinesin based dendritic transport.
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Figure 1.2. Microtubule organization and tubulin code in different cell types.
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The combinatorial code of tubulin PTMs and MAPs affects MT organization and stability
which ultimately regulates the activity and direction of kinesin transport in a variety of cell
types. A) Interphase fibroblasts contain radial MT arrays, nucleated by perinuclear
MTOCs, with plus-ends extending out towards cell periphery. Individual MTs within these
arrays have been shown to be marked by separate tubulin PTMs. Although not shown,
these MTs can be bound by several groups of MAPs. Plus-end directed kinesins direct
transport toward the MT plus-ends at the cell periphery of fibroblast cells. B) The spindle
apparatus in dividing cells contains radial MT arrays extending from spindle poles that
cross in antiparallel orientations at the midzone. In dividing cells, plus-end kinesins direct
chromosome transport toward the midzone of along detyrosinated spindle MTs to align
chromosomes for proper cell division. C) In neurons, axons contain unipolar arrays,
while dendrites contain MT arrays with mixed polarity. A subset of MTs in these systems
are marked by tubulin acetylation and tyrosination, as well as several MAPs. In neurons,
plus-end directed kinesins promote anterograde transport along uniform polarity MT
arrays to transport materials toward the axon growth cone. In contrast, plus-end kinesins
catalyze bi-directional transport in dendrites. Some dendritic kinesins have been
proposed to detect specific tubulin PTMs and MAPs to promote long distance transport
with net directionality.
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III. Kinesins
Early in the 1980s, it was observed that organelles from squid giant axons move
persistently with fast speeds, independently of the plasma membrane (R. D. Allen et al.,
1982; Brady et al., 1982). However, it wasn’t until 1985 that kinesin was first purified
from squid axoplasm and identified as the soluble ATPase responsible for moving cargo
towards the plus-end of MTs in axons, away from the cell body, in the anterograde
direction (R. D. Vale et al., 1985). Unsurprisingly, kinesin mutations have been
associated with metabolic and developmental diseases as well as neurodegeneration
(Nobutaka Hirokawa et al., 2010). Since the discovery of these motors, 45 kinesin
superfamily genes (KIFs) have been identified, many of which were identified through
mutational analysis, whole genome sequencing and PCR (Aizawa et al., 1992; Kondo et
al., 1994; Lawrence et al., 2004; Miki et al., 2001; Nakagawa et al., 1997; Nangaku et
al., 1994; Sekine et al., 1994; Yamazaki et al., 1995). These kinesin superfamily motors
are individually named and classified into 14 families based on sequence and functional
similarity (Dagenbach & Endow, 2004; H. V. Goodson et al., 1994; A. J. Kim & Endow,
2000; Lawrence et al., 2002, 2004; Miki et al., 2001, 2001; Moore & Endow, 1996).

Figure 1.3. Kinesin structure.
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The kinesin family consists of proteins containing conserved motor domains (magenta),
and divergent coiled-coil stalk regions (blue) and tail domains (light blue). They are
further categorized based on the location of the motor domain within their peptide
sequence in addition to functional similarities. Most kinesins have N-terminal motor
domains and form dimers through interactions between coiled-coil stalk regions.

Structure
The peptide sequence encoding each kinesin gene consists of a globular
catalytic motor domain containing regions for ATP hydrolysis and MT binding, a coiledcoil stalk region responsible for multimerization of most kinesins, and a divergent tail
region that harbors domains specific to the function of each motor (Figure 1.3). Despite
the high sequence homology between kinesin motor domains (N. Hirokawa et al., 1989;
Nobutaka Hirokawa, 1998), kinesins have adapted alternative structures leading to a
variety of mechanical and enzymatic functions. Kinesins-1 through -7 , -10 and -12 are
organized with their motor domain at the amino terminus (N-term kinesins), and are
mainly responsible for plus-end directed cargo transport (Lawrence et al., 2004). In
contrast, kinesin-14 motors are organized with their motor domain at the carboxyterminus (C-term kinesins) and contribute to minus-end directed cargo trafficking. Lastly,
kinesin-13 motors with centrally located motor domains (M-kinesins), have been shown
to bind to MT ends and catalyze MT depolymerization by diffusion (Hunter et al., 2003;
Miki et al., 2005). Currently, the specific functioning of kinesin-9 and -11 motors is not as
well understood.
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Kinesin motor domains bind to MTs in between α/β-tubulin dimers, with a
majority of the interacting interface occurring on β-tubulin (L. A. Amos & Hirose, 1997;
Hoenger & Milligan, 1997; Y. H. Song & Mandelkow, 1993). This interaction can be
guided by electrostatic interactions between the negatively charged tubulin E-hooks and
positively charged residues located in the kinesin motor domains concentrated within the
K-loop of many motors (Grant et al., 2011; Lessard et al., 2019; Matsushita et al., 2009;
Okada & Hirokawa, 2000; Ovechkina et al., 2002; Soppina et al., 2014; Woehlke et al.,
1997). Cargo-transporting kinesins produce mechanical force required for movement
along MTs by coupling ATP hydrolysis within the kinesin motor domains to
conformational changes, resulting in hand-over-hand walking of coordinated motor
domains (Asbury et al., 2003; Kaseda et al., 2003; Yildiz et al., 2004). At each step, the
center of mass of these kinesins move by 8 nm, which corresponds with the length of
α/β-tubulin dimers (Rice et al., 1999; Schnitzer & Block, 1997; Svoboda et al., 1993;
Svoboda & Block, 1994). Structural studies and mutational analysis have suggested that
the direction of kinesin translocation along MTs is controlled by structural elements in the
neck linker regions, located in between the motor domain and coiled-coil stalk region
(Case et al., 1997; S. A. Endow & Waligora, 1998; Henningsen & Schliwa, 1997; Sablin
et al., 1998).
The stalk regions are more variable in sequence between kinesins and are
generally responsible for multimerization. However, some motors, such as kinesin-5
Eg5, form homotetramers of two motors that dimerize through interactions within stalk
regions (Bodrug et al., 2020; Kapitein et al., 2005; Kashina et al., 1996). Other kinesins,
such as the kinesin-2 KIF3A and KIF3B, form heterotrimers with the kinesin-associated
protein Kap3 (Cole et al., 1993; Yamazaki et al., 1996), while KIF17 motors of the same
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family are homodimeric (Nobutaka Hirokawa et al., 2009). Interestingly, the kinesin-3
KIF1A motor has been suggested to exist monomeric in solution, but is only processive
upon dimerization in cells as a result of cargo binding (Al-Bassam et al., 2003; Okada et
al., 1995; Okada & Hirokawa, 1999; Soppina et al., 2014; Tomishige et al., 2002). Other
kinesins in the kinesin-13 family, such as MCAK, oligomerize into rings and spirals
around MTs, potentially allowing these kinesins to remain bound at the ends of
depolymerizing MTs (Hunter et al., 2003; D. Tan et al., 2006). Although the stalk region
is responsible for multimerization of most motors, the specific length and rigidity of this
domain is important for regulating motor activation and controlling the direction kinesin
walks along MTs (Vitre et al., 2014; Pan Wang et al., 2018).
The most divergent domains of kinesins are their tail regions, where intrinsically
disordered regions are concentrated (Seeger et al., 2012).These regions are responsible
for regulating motor activity and cargo binding, and contribute to the range of differing
properties found between kinesin motors (reviewed in Endow et al., 2010; Nobutaka
Hirokawa et al., 2009). Kinesin motors have evolved specific functions to generate,
maintain and navigate MT networks (Sweeney & Holzbaur, 2018), and the slight
sequence differences between motor, stalk and tail domains allow for specific tuning of
motor properties. These differences result in specialization of vesicular organelle
transport and regulation of MT dynamics and organization. Here, we focus on the
properties of kinesin motors that are involved in cargo transport along antiparallel MT
arrays in mitotic spindles and dendrites.
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Cargo Transport
Kinesin motors transport a variety of cargos along the mixed polarity MT arrays in
dendrites and mitotic spindles, ranging from small endocytic and recycling vesicles and
RNA granules to larger complexes such as organelles and chromosomes (Nobutaka
Hirokawa et al., 2009, 2010; Miki et al., 2005; Wordeman, 2010). In mitotic spindles,
many kinesins function to transport chromosomes toward the overlapping MT plus-ends
at the spindle midzone, including kinesin-2 KIF3A and KIF3B, kinesin-3 KIF13B and
KIF14, kinesin-4 KIF4A and KIF4B, kinesin-5 Eg5, kinesin-7 CENP-E, kinesin-10 KIF22,
kinesin-11 KIF25 and kinesin-12 KIF15 (Almeida & Maiato, 2018; Decarreau et al., 2017;
Wordeman, 2010). In dendrites, a smaller subset of kinesins assist in the transport of
dendritic cargos, such as kinesin-1 KIF5B, kinesin-2 KIF17, kinesin-3 KIF1A, KIF1B,
KIF1C, and KIF13B, kinesin-4 KIF21B and kinesin-14 KIFC2 (Guillaud et al., 2003; C.-F.
Huang & Banker, 2012; Jenkins et al., 2012; Lipka et al., 2016; Marszalek et al., 1999;
Saito et al., 1997; M. Setou et al., 2000; Twelvetrees et al., 2010). Each of these
kinesins contain divergent tail domain that are involved in the recognition of specific
cargo, and this cargo selection is regulated through adaptor and scaffolding proteins and
cell signaling (Nobutaka Hirokawa et al., 2009, 2010).
Regulation of Microtubule Dynamics
In addition to transporting materials, many mitotic and dendritic kinesin motors
are also known to influence the MT network by regulating MT dynamics and promoting
MT assembly (Acharya et al., 2013; Arellano-Santoyo et al., 2017; G.-Y. Chen et al.,
2019; Gudimchuk et al., 2013; Trofimova et al., 2018). For example, kinesin-1 KIF5B
and KIF5C and kinesin-5 Eg5 stabilize dynamic MTs by binding and stabilizing the
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straight conformation of tubulin dimers within the MT filament lattice (G.-Y. Chen et al.,
2019; Peet et al., 2018; Seeger & Rice, 2010; Shima et al., 2018). The kinesin-5 Eg5
motor domain stabilizes the straight conformation of tubulin dimers so well that it can
promote nucleation of new MTs (G.-Y. Chen et al., 2019). The kinesin-2 motors KIF17
and KIF2A also stabilize dynamic MTs and promote MT growth (Acharya et al., 2013;
Boehlke et al., 2013). For KIF17, both the motor domain as well as secondary MT
binding sites in the tail of the motor contribute to regulation of MT dynamics (Acharya et
al., 2013). However, motors such as the kinesin-7 CENP-E stabilize MTs only through
interactions with tubulin subunits at the plus-ends (Sardar et al., 2010). Interestingly,
kinesn-4 Xklp1 prevent MT growth and shrinkage by inducing twists in the MT lattice that
inhibit dynamics at the MT ends (Bringmann et al., 2004). Other kinesins from the
kinesin-13 family destabilize MTs. Kinesin-13 MCAK and KLP10A each have been
shown to destabilize MTs by inducing a bent conformation of tubulin at the ends of MTs,
weakening the lateral bonds between protofilaments to cause catastrophe (Benoit et al.,
2018; Friel & Howard, 2011). Interestingly, kinesin-13 KIF2C motors require secondary
non-motor MT binding domains to destabilize MTs (Trofimova et al., 2018; Wagenbach
et al., 2008; W. Wang et al., 2012, 2015, 2017).
Regulation of Microtubule Organization
Some dendritic and mitotic kinesin motors can also influence the MT network
organization by actively transporting MTs using secondary MT binding domains
(Andrews et al., 1993; Fink et al., 2009; Furuta & Toyoshima, 2008; Jolly et al., 2010;
Navone et al., 1992; Reinemann et al., 2017; Seeger & Rice, 2010). For example,
kinesin-1 motors contain secondary MT binding regions in addition to their N-terminal
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motor domains which allow them to slide MTs relative to one another in the cytoplasm of
Drosophila and Xenopus cells (Jolly et al., 2010), and facilitate neurite outgrowth in
neurons (W. Lu et al., 2013; Winding et al., 2016). Mitotic kinesins, such as kinesin-5
Eg5 and kinesin-12 KIF15 crosslink and slide apart overlapping antiparallel interpolar
MTs during mitosis (Düselder et al., 2015; Gerson-Gurwitz et al., 2011; Kapitein et al.,
2005; Reinemann et al., 2017; Roostalu et al., 2018). Kinesin-6 CHO1/MKLP1 is
involved in MT sliding to establish arrays of mixed polarity MT in the dendritic
compartments of neurons (Sharp et al., 1997), while the kinesin-14 KIFC1 motor
organizes unipolar MT arrays in axons (Muralidharan & Baas, 2019). Interestingly, the
mitotic kinesin-14 Ncd motor slides antiparallel MTs but statically crosslinks parallel MTs
(Fink et al., 2009), suggesting that MT orientation can also influence motor behavior.
Regulation of Kinesin Activity by the Tubulin Code
Popular models suggest that the pattern of tubulin PTMs influence kinesin
functions in mitotic spindles and dendrites by regulating kinesin-MT interactions (Figure
1.2B and C). For example, kinesin-7 CENP-E motors are guided by detyrosinated
spindle MTs to move chromosomes to the midzone during mitosis (Barisic et al., 2015a).
Kinesin-1 KIF5B was also shown to preferentially move on detyrosinated MTs, and this
selection was important for autophagosome and lysosome transport in cells and axonal
localization in neurons (Dunn et al., 2008; Konishi & Setou, 2009; Liao & Gundersen,
1998; Mohan et al., 2019). Kinesin-1 KIF5C motility within hippocampal neurons is
enhanced by acetylation (Hammond et al., 2010). In addition, altering acetylation levels
in neurons has been shown to affect cargo transport and cell development (Dompierre et
al., 2007; Godena et al., 2014; Guo et al., 2017; J.-Y. Kim et al., 2016; Morelli et al.,
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2018). Also, increasing synaptic activity in neurons increases overall polyglutamylation
and trafficking of kinesin-1 KIF5A to neurites of hippocampal neurons (Maas et al, 2009).
In other cellular experiments, kinesin-1 KIF5C preference for a subset of MTs was only
affected when levels of tubulin detyrosination, acetylation, and polylutamylation were
altered (Cai et al., 2009; Hammond et al., 2010), which suggests that kinesins are
capable of detecting a combination of tubulin PTMs. In contrast to kinesin-1, kinesin-2
KIF17 and kinesin-3 KIF1A could not distinguish between MT populations present within
mammalian COS cells, marked by different tubulin PTMs (Cai et al., 2009). Interestingly,
altering tyrosination levels in mammalian cells affects kinesin-13 MCAK dependent MT
depolymerization, and suggests that MCAK preferentially interacts with tyrosinated MTs
(Ferreira et al., 2020; Peris et al., 2009).
In vitro experiments performed to date indicate that tubulin PTMs can influence
the activity of some kinesin motors. In a reconstituted system using extracted dendritic
MT arrays, purified kinesin-1 KIF5C motors bound primarily to the internal acetylated
MTs to move in the retrograde direction within the dendritic process, whereas kinesin-3
KIF1A motors bound to the peripheral tyrosinated MTs and moved in the anterograde
direction (Tas et al., 2017). In single molecule experiments, kinesin-1 KIF5B motors
moved longer distances and at faster speeds on MTs where α- and β-tubulin tails were
crosslinked to chains of glutamate residues (Larcher et al., 1996; Sirajuddin et al., 2014).
In addition, tubulin detyrosination and glutamylation levels have been shown improve
kinesin-2 KIF17 processivity and speed (Sirajuddin et al., 2014). In single molecule
experiments, kinesin-3 KIF1A motors were shown to recognize polyglutamylated tubulin
through its K-loop (Lessard et al., 2019). However, increasing polyglutamylation levels
on MTs did not affect kinesin-13 MCAK activity (Sirajuddin et al., 2014) In other
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experiments, the MT depolymerization activity of both kinesin-13 MCAK and KIF2A is
inhibited by tubulin detyrosination (Peris et al., 2009). In addition, kinesin-7 CENP-E
binds strongly to detyrosinated MTs with improved run lengths and velocities (Barisic et
al., 2015b).
Despite this, the in vivo effects of some tubulin PTMs on kinesin activity have
proved to be difficult to reproduce in vitro, and results have been variable across several
groups. Single molecules of kinesin-1 KIF5C were observed to land more frequently on
detyrosinated MTs formed in vitro (Kaul et al., 2014). However, other groups observed
that kinesin-1 KIF5B motors show no preference for tyrosinated or detyrosinated MTs
(Sirajuddin et al., 2014). Similarly, one group observed that kinesin-1 KIF5B binding and
motility along MTs in vitro is affected by α-tubulin K40 acetylation (Reed et al., 2006),
while other labs showed that kinesin-1 KIF5C binding and motility along MTs was not
influenced by tubulin acetylation (Kaul et al., 2014; Walter et al., 2012). Therefore, the
exact combination and density of tubulin PTMs needed to affect kinesin motility is still
not well understood.
Regulation of Kinesin Activity by Microtubule Associated Proteins
Some groups suggest that the MAP code is also highly influential of kinesin
trafficking within dendrites and mitotic spindles, and MAP decoration can either recruit
and enhance motor motility or block motor access to the MT lattice. For example, in
dividing cells, kinesin-4 KIF4A motors directly interact with the antiparallel MT
crosslinking protein PRC1/Ase1 to transport it to the overlapping interpolar MTs at the
spindle midzone (Bieling et al., 2010; C.-K. Hu et al., 2011; Nunes Bastos et al., 2013;
Subramanian et al., 2013). Once positioned along antiparallel overlapping MTs, PRC1
29

keeps KIF4A localized to the midzone. MAP4 also decorates spindle MTs, and inhibits
excessive dynein/dynactin activity along astral MTs (Samora et al., 2011). In neurons,
tau and MAP1B are localized mainly to axons, MAP7 and MAP9 are localized to both
dendrites and axons, while MAP1A, MAP2, DCX and DCLK1 are restricted to dendrites
(Binder et al., 1985; Bloom et al., 1984; Caceres et al., 1984; Dehmelt & Halpain, 2005;
Huber & Matus, 1984; Matus et al., 1981; Monroy et al., 2020; Sato-Yoshitake et al.,
1989). In dendrites, kinesin-3 KIF1A requires DCKL1 decoration of a subset of MTs to
transport dense core vesicles (DCVs) into dendrites (Lipka et al., 2016). MTs bound by
DCKL1 are primarily tyrosinated in dendrites, suggesting that the combination of tubulin
PTMs and MAPs work together to provide a code for motor trafficking within the dendritic
MT cytoskeleton. In addition, kinesin trafficking into dendrites is differentially affected by
Septin-9. Septin-9 MT binding prevents kinesin-1 KIF5C and kinesin-2 KIF17 motors
from entering the dendrite, but allows for kinesin-3 KIF1A motor entry (Bai et al., 2016;
Karasmanis et al., 2018). Spetin-9 has also been shown to bind directly to kinesin-2
KIF17 motors to prevent transport within dendrites (Bai et al., 2016).
Because of the complexity in the MT code in cells, MAP influence on kinesin
motility is best understood from studies using in vitro minimalized systems. For instance,
in in vitro reconstitution experiments, MAP7 and tau compete for MT binding. MAP7 and
tau inhibit kinesin-3 KIF1A motors from binding to MTs while MAP7 recruits and
activates kinesin-1 KIF5B and KIF5C for movement along MTs (Barlan et al., 2013;
Monroy et al., 2018; Tymanskyj et al., 2018). Doublecortin (DCX), doublecortin-like
kinase (DCLK1) and MAP9 improve kinesin-3 KIF1A processivity along MTs, but inhibit
binding of kinesin-1 KIF5B and the dynein/dynactin complex to MTs (Monroy et al.,
2020). Both tau and MAP2 inhibit kinesin-1 KIF5B and kinesin-3 KIF1A binding to MTs
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(Balabanian et al., 2017; Dixit et al., 2008; Monroy et al., 2018, 2020). In addition, tau
islands inhibit kinesin-1 KIF5B (KHC) motors from binding to MTs, but kinesin-8 Kip3
and dynein/dynactin motor complexes can penetrate these islands (Siahaan et al., 2019;
R. Tan et al., 2019).
In addition to MAPs, kinesin localization is regulated by other MT binding proteins
and motors. For instance, kinesin-7 CENP-E motors work with Ndc80, a static MT tether,
to transport chromosomes along kinetochore MTs and form end-on MT attachments at
MT plus-ends (Chakraborty et al., 2019). The kinesin-14 KIFC3 interacts with minus-end
MT binding protein CAMSAP2 for minus-end localization (Cao et al., 2020). In addition,
end binding (EB) proteins bind to GTP β-tubulin at growing MT ends (Bieling et al., 2007;
Kumar & Wittmann, 2012; Maurer et al., 2012), and recruit several proteins to dynamic
MT ends including CLIP-170, kinesin-13 MCAK, STIM1, APC, CLASP2 (Bieling et al.,
2008; Dixit et al., 2009; Honnappa et al., 2009; Montenegro Gouveia et al., 2010).
Kinesin is also affected by the dynein/dynactin complex (Gross et al., 2002; Müller et al.,
2008). Although dynein walks in the opposite direction to kinesin on MTs, both motors
coordinate on cargos to transport materials throughout the cell (Müller et al., 2008).
Interestingly, dynein/dynactin mutations impair kinesin plus-end directed motility (Gross
et al., 2002). Kinesin motility can also be influenced by other motors bound to the same
cargo. For multiple kinesins attached to cargo, faster kinesins at the lead help speed up
slow lagging kinesins by inducing their dissociation (Larson et al., 2009; Scharrel et al.,
2014; Tjioe et al., 2019). The regulation of kinesin activity by tubulin PTMs and MAPs
together with their patterning of dendritic MTs based on polarity suggests that dendritic
kinesins can move long-distances by reading the MT code.
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V. Kinesin-4 KIF21B
Intriguingly, the homodimeric plus-end directed kinesin-4 KIF21B motor is
associated with cargos moving predominantly in the retrograde direction towards the cell
body in dendrites, despite the mixed polarity MT arrays (Ghiretti et al., 2016). However,
the closely related plus-end directed kinesin-4 KIF21A motor (60% sequence identity,
72% similarity) is only able to move cargos in axons (Lee et al., 2012), and is inactive
when artificially recruited to dendritic cargo (Amy Ghiretti, unpublished). These results
suggest that despite the high sequence similarity, KIF21B can read and traverse the
dendritic MT code, while KIF21A cannot. Whether KIF21B is primarily responsible for
retrograde directed cargo motility, and the mechanism by which KIF21B achieves
retrograde biased motility is not known. Here we focus on the current understanding of
KIF21B properties and its divergence from KIF21A in the same kinesin family to better
grasp at KIF2B’s role in long-distance MT-based transport in dendrites.
Expression Pattern and Disease
KIF21B is expressed in a variety of tissues including the lungs, brain, eye, testes
and thymus (Harada et al., 2007; Marszalek et al., 1999), and increased expression
levels are associated with neurodegenerative diseases such as multiple sclerosis (MS)
and Alzheimer’s disease (AD) (Goris et al., 2010; K. Hares et al., 2014; Kelly Hares et
al., 2017; International Multiple Sclerosis Genetics Consortium (IMSGC), 2010; Kreft et
al., 2014). KIF21B is also associated with ulcerative colitis (UC) (Anderson et al., 2009;
Franke et al., 2008), Chron’s disease (Barrett et al., 2008), ankylosing spondylitits (AS)
(Y. Liu et al., 2013), and even cancer (Harada et al., 2007; Sun et al., 2020; Zhao et al.,
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2020). Microduplications of DNA regions including the KIF21B gene are described in
patients with delayed motor and cognitive development (Olson et al., 2012).
KIF21B is one of a few kinesin motors that localize mainly to dendrites (C.-F.
Huang & Banker, 2012; Jenkins et al., 2012; Marszalek et al., 1999). However,
accumulating data suggest that KIF21B is important for the regulation of MT organization
in both axons and dendrites in addition to its role in dendritic cargo transport (Asselin et
al., 2020; Morikawa et al., 2018; Muhia et al., 2016). KIF21B mutations found in patients
result in abnormalities in brain development due to improper neuronal migration and
axon growth, branching and connectivity (Asselin et al., 2020). KIF21B knockout mice
display learning and memory problems, and the dendrites of these mice are less
complex and exhibit tighter microtubule packing and slower, more persistent MT growth
(Muhia et al., 2016).
Interestingly, while KIF21A is expressed in a similar set of tissues as KIF21B,
including the lungs, brain, eye, testes, kidney and liver, this motor localizes to both
axons and dendrites in neurons (Marszalek et al., 1999). Despite this, KIF21A mutations
are only associated with axonal abnormalities. Point mutations in the KIF21A stalk
region have been shown to cause congenital fibrosis of the extraocular muscles type 1
(CFEOM1) (Panfeng Wang et al., 2011; Yamada et al., 2003). These KIF21A mutations
cause morphological changes in growth cones, and result in early axon growth
termination and axon misguidance (van der Vaart et al., 2013).
Cellular Roles
At the cellular level, KIF21A and KIF21B transport separate cargos. In dendrites,
KIF21B is involved in the endocytic recycling of NMDA receptors (Gromova et al., 2018),
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delivery of GABAA γ2-subunits (Labonté et al., 2014) to the cell surface, and the
retrograde transport of TrkB-BDNF cargos (Ghiretti et al., 2016). KIF21B is also involved
in regulating postsynaptic strength by associating with the Rac1 GEF ELMO1, directing
ELMO1 out of dendritic spines for sequestration in endosomes (Morikawa et al., 2018).
KIF21B manipulation in mice also demonstrates its importance for inhibiting synaptic
transmission (Swarnkar et al., 2018). In neurons, the ubiquitin E3 ligase tripartite motifcontaining 3 (TRIM3) functions to regulate anterograde trafficking of KIF21B (Labonté et
al., 2013). In contrast, KIF21A has been shown to transport K+ dependent Na+/Ca2+
exchanger (NCKX2) within the axons of hippocampal neurons (Lee et al., 2012), and
localized with LL5β, liprin-α1, and liprin-β1 at the cell cortex where KIF21A functions to
organize MTs at cortical MT attachment complexes (van der Vaart et al., 2013).
Regulation of Microtubule Dynamics
KIF21B interacts with MTs via a canonical N-terminal motor domain and
secondary MT binding sites located in both the stalk and tail domains (Ghiretti et al.,
2016; van Riel et al., 2017). Dimeric motor domain constructs without the C-terminus
move processively toward the MT plus-end, and constructs that include secondary MT
binding site have slower and shorter runs (Ghiretti et al., 2016; van Riel et al., 2017).
Further, KIF21B motors containing C-terminal tail MT binding domains prefer binding to
GTP-like tubulin and accumulate at the plus-ends of growing MTs (Ghiretti et al., 2016;
van Riel et al., 2017). The C-terminal domain of KIF21B has been shown to decrease
and pause MT dynamics (Ghiretti et al., 2016; van Riel et al., 2017), but the magnitude
of these effects differ depending on experimental conditions. Interestingly, neuronal
activity enhances KIF21B motility, while inhibiting its regulation of MT dynamics (Ghiretti
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et al., 2016), suggesting that MT dynamic regulation is separate from motor domain
motility. The role of these C-terminal MT binding domains in controlling directionality and
processivity of cargo trafficking has not been explored.
KIF21A also reduces MT growth rate and suppress catastrophes in vitro and in
cells (Cheng et al., 2014; van der Vaart et al., 2013), but it is not known if KIF21A
contains secondary MT binding sites similar to KIF21B. However, the region within the
stalk of KIF21A, corresponding to one of the MT binding regions of KIF21B, is
responsible for motor autoinhibition (Bianchi et al., 2016; van Riel et al., 2017).
Autoinhibition occurs through the formation of an antiparallel coiled coil within the stalk of
KIF21A that loops back and inhibits the motor domains (Bianchi et al., 2016). It was
shown in in vitro experiments that that this antiparallel coiled coil region can also bind to
the motor domain of KIF21B, although with low affinity (Bianchi et al., 2016). These
findings suggests that KIF21A and KIF21B motors have adopted separate mechanisms
to carry out distinct functions within different regions of neurons.
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Figure 1.4. Models for KIF21B navigation within dendritic microtubule arrays.
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Dendrites consist of mixed polarity MT arrays where internal stable, acetylated MTs
oriented minus-end out are sandwiched by dynamic, tyrosinated MTs oriented plus-end
out located toward the cell membrane. A) If KIF21B had no preference for these different
MT lattices, motors would move bi-directionally without directional bias in dendrites. B-D)
However, KIF21B motors with a preference for specific tubulin PTMs, MAPs, or MT
spacing or stability within dendritic arrays would move with net directional bias.
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VI. Putting It All Together
The code of tubulin isotypes, tubulin PTMs and MAPs, and their influence on MT
properties, such as stability and organization, provides a complex system to direct
kinesin transport. Cells undergoing mitosis rearrange their MT network with separated
regions of tyrosinated and detyrosinated MTs to drive kinesin motility toward antiparallel
MTs in the spindle midzone for efficient targeting of chromosomes to the spindle
midzone for proper cell division. Dendritic MTs are organized into arrays of mixed
polarity, similar to that of the spindle midzone, with a slight majority of MTs oriented plusend out, favoring bi-directional movement of plus-end directed motors with slight net
anterograde bias toward the dendritic tip (Figure 1.4A). Despite this, the plus-end
directed KIF21B is associated with cargo movement with net retrograde bias. Both
tubulin PTMs and MAPs regulate MT organization and stability in dendrites. Dynamic
tyrosinated MT bundles orient plus-end out, while stable acetylated bundles orient plusend in. Further, acetylated bundles are located within the center of the dendritic shaft,
while tyrosinated bundles cluster at the cell membrane of the dendrite. This separation of
MTs by orientation could help prevent directional switching between plus-end in and out
MTs and could promote long distance, processive motor movement in both the
anterograde and retrograde direction. In addition to this, the recognition of tubulin PTMs,
MAPs or MT organization or stability could provide a way for KIF21B to recognize
acetylated MTs to drive retrograde transport (Figure 1.4B-D). Further, KIF21B motors
contain secondary nucleotide-independent MT binding regions, in addition to motor
domains, and have been shown to affect MT dynamics in a variety of systems. It is
possible that these secondary MT binding regions assist in detecting which direction to
travel in dendrites, and the regulation of MT dynamics by KIF21B could play a large role
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in its directionally biased motility. For my thesis, I investigated how KIF21B motors use
their secondary MT binding regions and regulation of MT dynamics to navigate the
mixed polarity MTs arrays present within neuronal dendrites. To do so, I examined
KIF21B properties in simple in vitro systems, followed by in vitro reconstitution assays
with added complexity, and ultimately live cell experiments using optogenetic motor
recruitment to understand how KIF21B activity produces long distance, net retrograde
bias in neuronal dendrites.
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VI. Single Particle Tracking
Improvements in the motor field are consistently driven by new technologies.
Within the past few years, there have been great measures taken to automate the
analysis of object dynamics over time with single particle tracking (SPT) algorithms
(Chenouard et al., 2009; Jaqaman et al., 2008; Kalaidzidis, 2007; Meijering et al., 2006;
Tinevez et al., 2017). SPT is accomplished by first detecting spatially and temporally
separated particle coordinates, followed by connecting these coordinates into structures
called `trajectories' (Chenouard et al., 2009; Jaqaman et al., 2008; Kalaidzidis, 2007;
Meijering et al., 2006; Tinevez et al., 2017). To detect particle positions, particle signal
must first be segmented out over background noise. For data with moderate to high
single to noise ratio (SNR), unwanted background signal can be removed using time
averaging, gaussian kernels, and Laplacian of Gaussian (LoG)-based filters (Jaqaman et
al., 2008; Jaqaman & Danuser, 2009; Ponti et al., 2003). While removing background
noise, these functions maintain the particle signal. However, for data with low SNR, blob
detection filters fail in initial detection steps in data where intensity gradients generated
from particles are suppressed by background fluorescence.
After segmentation, particle positions are then detected by fitting the particle
signal to a point spread function (PSF), and optimizing the particle center position with
maximum likelihood estimation (MLE) and more adaptive methods such as maximum a
posteriori point emitter localization (MAPPEL) (Dorn et al., 2005; Jaqaman et al., 2008;
Ober et al., 2004; Olah, 2017/2019; Schwartz et al., 2017; Thomann et al., 2002;
Tinevez et al., 2017; Yildiz & Selvin, 2005). These processes can resolve particles close
together and enhance diffraction-limited particle spot resolution (Bates et al., 2007;
Shroff et al., 2007; Thomann et al., 2002). However, it is difficult to apply PSF fitting on
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larger objects above the diffraction limit, especially objects that are non-uniform in shape
and signal. With limited datasets, groups have been successful in detecting the
boundaries of large objects by removing background noise, smoothing and defocusing
object signal, and detecting object edges with various methods (Girault et al., 2016; S.
Liu et al., 2013; Olivo-Marin, 2002; Tvaruskó et al., 1999).
After object positions are detected, position coordinates are connected into
tracks. The goal of particle tracking is to find the best global solution of all spots. Initial
approaches formed trajectories by linking closest particles in adjacent frames and by
weighing connection distances based on the known particle motion (Bonneau et al.,
2005; Ponti et al., 2003). However, tracks become difficult to accurately connect using
this process when particle density is high and particles overlap. In addition, particles with
fast or heterogeneous motion prevent the use of connection weights based on distance
parameters. For datasets with high density, algorithms that are less locally greedy are
needed to connect particles positions in consecutive frames and find the largest nonconflicting ensemble of tracks (Jaqaman & Danuser, 2009). This has been accomplished
by groups that use particle signal information to generate cost matrices of connection
weights to solve the linear assignment problem (LAP) (Jaqaman et al., 2008; Schwartz
et al., 2017; Tinevez et al., 2017). These algorithms first form individual track segments
from particle coordinates in consecutive frames, and then link track segments together to
close gaps where particles are missing for a frame. Because of this implementation,
these algorithms handle particle motion heterogeneity, temporary disappearance of
particles, and overlapping particles present in environments with high particle density
(Jaqaman et al., 2008; Schwartz et al., 2017; Tinevez et al., 2017). Other groups have
improved the tracking process by incorporating Bayesian statistics in trajectory assembly
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(Chenouard et al., 2013, 2014; I. Smal et al., 2008). The measured trajectories can then
be used to study the dynamics of a target particle.
Despite these advances, SPT algorithms fail when challenged with datasets that
include high levels of background fluorescence, as these algorithms do not consider
removal of nuisance particles during initial segmentation. In addition, high background
noise, high signal density and non-uniform particle motion in more complex systems,
such as reconstituted in vitro extracted cytoskeletal systems, make manual particle
tracking and analysis dynamic movement over time impossible. Therefore, development
of specialized segmentation tools for faster and more in-depth analysis of systems with
complex signal is required. To understand KIF21B movement within complex MT
systems, we needed to develop new automated single particle tracking (SPT) algorithms
to detect motor signal within environments with high multiplicative noise. Cega, our novel
single particle segmentation algorithm, is described in the following chapter.
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CHAPTER 2: Cega: A Single Particle Segmentation Algorithm to Identify Moving
Particles in a Noisy System

This chapter is adapted from:
Masucci, E. M., Relich, P. K., Ostap, E. M., Holzbaur E. L. F., Lakadamyali, M. (2021).
Cega: A Single Particle Segmentation Algorithm to Identify Moving Particles in a Noisy
System. Molecular Biology of the Cell, 32(9):931-941 doi: 10.1091/mbc.E20-11-0744.
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I. Summary
Improvements to particle tracking algorithms are required to effectively analyze
the motility of biological molecules in complex or noisy systems. A typical single particle
tracking (SPT) algorithm detects particle coordinates for trajectory assembly. However,
particle detection filters fail for datasets with low signal-to-noise levels. When tracking
molecular motors in complex systems, standard techniques often fail to separate the
fluorescent signatures of moving particles from background signal. We developed an
approach to analyze the motility of kinesin motor proteins moving along the microtubule
cytoskeleton of extracted neurons using the Kullback-Leibler (KL) divergence to identify
regions where there are significant differences between models of moving particles and
background signal. We tested our software on both simulated and experimental data and
found a noticeable improvement in SPT capability and a higher identification rate of
motors as compared to current methods. This algorithm, called Cega, for ‘find the
object’, produces data amenable to conventional blob detection techniques that can then
be used to obtain coordinates for downstream SPT processing. We anticipate that this
algorithm will be useful for those interested in tracking moving particles in complex in
vitro or in vivo environments.
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II. Introduction
Developments in fluorescence imaging methods, such as total internal reflection
fluorescence (TIRF) microscopy, have revolutionized live cell microscopy, allowing for
monitoring of dynamic events in a variety of biological systems. TIRF uses an
evanescent wave generated by reflecting a laser beam at a critical angle to illuminate
fluorophores within a very small distance (~100 nm) from the surface of a glass
coverslip. The high signal-to-noise achieved by this method improves spatiotemporal
resolution over conventional imaging techniques, allowing the monitoring of fluorescent
single molecules, molecular complexes, and organelles with nanometer precision on
sub-second time scales. TIRF microscopy has been widely used to investigate the
movement of molecular motors such as kinesin, dynein and myosin, on their
corresponding cytoskeletal tracks in purified systems and cells (Belyy & Yildiz, 2014;
Pierce et al., 1997; Vale et al., 1996).
There have been substantial efforts to automate the tracking and analysis of the
movement of motors and cargos from movies acquired with TIRF microscopy using
single particle tracking (SPT) (Chenouard et al., 2009; Jaqaman et al., 2008; Kalaidzidis,
2007; Meijering et al., 2006; Tinevez et al., 2017). SPT describes the set of techniques
that select particles of interest and aggregate temporally separated particle coordinates
into trajectories. The resulting trajectories are used to study the dynamics of target
particles, including processive movements, diffusion, and pausing. Thus, SPT algorithms
must be able to select and follow a target with high spatial and temporal fidelity.
The performance of many SPT algorithms is limited by pre-processing steps that
remove background signals and noise that can complicate the generation of particle
coordinates that are linked into trajectories (Smal & Meijering, 2015). Current tracking
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software such as u-track (Jaqaman et al., 2008) and TrackMate (Tinevez et al., 2017)
have made great strides to assist in analysis of typical in vitro systems that use TIRF
microscopy to image movement of purified single motors along separated and
immobilized tracks in assays where the signal density can be controlled. However,
analysis of low signal-to-noise data is difficult if not impossible when using more complex
in vitro systems, including engineered cytoskeletal bundles and extracted cytoskeletal
systems where bidirectional transport occurs. Images and times series acquired from
these more complex in vitro systems include substantial background fluorescence and
nuisance particles that complicate application of SPT. The available software
implementations of SPT include limited solutions for particle segmentation (Jaqaman et
al., 2008; Tinevez et al., 2017) that fail when challenged with datasets that include high
levels of background fluorescence, and these algorithms do not consider removal of
nuisance particles. In addition, these algorithms fail to accurately track particles that
change direction over time and cannot be used in systems that display bi-directional
movement.
Here, we present a filtering method, Cega, or more appropriately ce:ga (Tohono
O'odham for find the object (Mathiot, 1973)), for finding and tracking moving fluorescent
objects acquired from experiments performed under conditions that include high noise
(Figure 2.1). This method can be substituted into the initial candidate-finding phase of
current SPT software and modified for specific dataset needs for more accurate particle
detection. Our method was developed to analyze data acquired from an EMCCD camera
with a back projected pixel size that slightly under samples the Nyquist rate for the Point
Spread Function (PSF) of a diffraction limited single molecule. First, we calibrated the
camera to properly parameterize the noise statistics. Then, we focused on removing
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nuisance background signal using Cega. We used multiplicative noise statistics to
generate two contrasting models that can then be used to augment the signal of moving
motors while suppressing the signal from background and nuisance particles. We tested
this model with both simulated and experimental data and found that it performed better
than current algorithms in tracking molecular motors moving through complex
cytoskeletal arrays that contribute high noise levels. The results suggest that this method
provides a substantial improvement for low signal-to-noise tracking applications.
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III. Results
Computational Strategy and Optimization
We developed and used Cega to analyze fluorescently labeled kinesin motors
moving along native cellular microtubule networks preserved after extracting membranes
and soluble cytosolic components (Figure 2.1A; see Methods). These data have
substantial background fluorescence along with a high proportion of stationary
fluorescent particles due to nonspecific binding that together represent experimentally
structured noise. Movies of a truncated GFP-kinesin-1 construct (GFP-K560) moving
along microtubule arrays in axonal and dendritic compartments of extracted rat
hippocampal neurons were acquired with an EMCCD camera. In axons, kinesin-1
motors move unidirectionally outward from the cell body, due to the unipolar
arrangement of the microtubule cytoskeletal tracks. However, in dendrites, kinesin-1
motors move in both outward (anterograde) and inward (retrograde) directions due to the
mixed polarity of the microtubule cytoskeleton in this part of the neuron. Our goal was to
better understand the characteristics of the motile behaviors of kinesin in these
environments. However, manual analysis and current SPT software could not reliably
distinguish moving motors from nuisance particles in the foreground. Thus, we
developed and optimized Cega to analyze these types of data sets.
Here we outline our computational approach to detect and track single
fluorescent particles that move bidirectionally from data sets with low signal-to-noise. We
first provide an overview, then discuss implementation and optimization of this strategy
to analyze single molecule data sets of kinesin motors moving within complex arrays,
and conclude with a comparison of Cega to other computational approaches currently
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available. The normalization procedures and algorithms we developed are described in
more detail in the Methods section, and the corresponding computer code is available
online at https://github.com/prelich/Cega.

Camera Calibration
Before application of any algorithm, such as Cega, to detect and identify particles
of interest in a time sequence, the detector being used to collect the primary data must
be calibrated to ensure pixel intensities are appropriately accounted for when analyzed
(Figure 2.1B). Individual frames of time sequences obtained from cameras and optical
sensors typically have noise statistics that are poorly described by a Poisson distribution,
as a result of damaged detectors as well as additive and multiplicative noise that
accompanies the conversions of photons to digital signals. These factors complicate the
use of algorithms to eliminate noise since the data cannot be assumed to have Poisson
statistics, and post-processing data cannot be thresholded reliably (Mortensen et al.,
2010; Mortensen & Flyvbjerg, 2016). Thus, camera calibration is required before using
Cega to linearly transform the measured pixel intensities of a series of time frames to
generate Poisson-like statistics.
Specifically, a stationary object with a constant rate of photon emissions acquired
over several frames will register pixel intensities that satisfy the following relation:
〈𝐾𝑖 〉 = 𝑣𝑎𝑟(𝐾𝑖 ) (1)
where, given a constant emission of photons at a pixel i, the time averaged intensity of
the calibrated pixel, ˂ Ki ˃, is equal to the temporal variance of that calibrated pixel, var(
Ki ). A Poisson-like distribution is a non-integer analog of the Poisson distribution with
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units of ‘effective photons'. For our Poisson-like model the probability of observing some
positive real number K given an expected value μ is defined as:
−1

𝑃(𝐾||𝜇) = 𝜇𝐾 𝑒𝑥𝑝⌈−𝜇⌉(𝛤(𝐾 + 1))

(2)

The digital signal recovered from a scientific camera will be reported in Arbitrary
Digital Units (ADUs) because pixel statistics are dependent on the camera's
configuration. ADUs are sufficient quantities for relative comparisons or when the follow
up analysis treats signal noise as irrelevant or predominantly additive. For algorithms
that factor in multiplicative noise, the conversion factors that relate a set of ADUs to
effective photons are required quantities. Extensive work on CCD (Young et al., 1998)
and sCMOS (Babcock et al., 2019; F. Huang et al., 2013) sensors has demonstrated
that statistical regression with a simplified model can effectively recover Poisson-like
statistics for estimators that use multiplicative noise models. Given that a scientific
camera produces an output signal Si at pixel i the signal components are defined as:
𝑆𝑖 = 𝐺𝑖 𝐾𝑖 + 𝑂𝑖 + 𝑅𝑖 (3)
where Ki is the effective photon count, Gi is the multiplicative gain factor on the Poissonlike signal, Oi is the constant mean offset, and Ri is an unbiased random electronic
signal generated from the camera read noise. The purpose of camera calibration is to
recover 𝐺𝑖 , 𝑂𝑖 , and 𝑣𝑎𝑟(𝑅𝑖 ) and to use these quantities to estimate the effective photons
in movies acquired from the calibrated camera. Although the model used to recover Ki is
independent of sensor type, calibration techniques will vary among cameras. For
EMCCD cameras, pixels are read out in serial so it’s typically assumed that 𝑅𝑖 = 𝑅, 𝑂𝑖 =
𝑂, and 𝐺𝑖 = 𝐺 (see Methods for estimation). The estimated values for the EMCCD
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camera used to acquire movies of moving kinesin motors were 𝑅 < 1 effective photon,
𝐺 = 70 ADU/effective photon and 𝑂 = 2293 ADU. The calibrated model we calculated
was similar to the initial uncalibrated data after brightness and contrast enhancement
and maintained the signal from both moving and stationary particles as well as the
background (Table I; Figure 2.1C, Calibrated; and Video S1-4). While we focus here on
data obtained from EMCCD cameras, it is possible to adapt this algorithm for data
acquired by other camera types including sCMOS cameras. For example, Huang et al.,
(2013) describe how to adapt filtering algorithms for sCMOS cameras through the use of
a Poisson approximation for convolving a Poisson and Gaussian distribution.

Estimating the Motion Model 〈𝑃〉
It is typical in fluorescence microscopy to perform a background subtraction
(Lindeberg, 1998; Murphy & Davidson, 2012) when dealing with images where signal
detail does not blend with the background. However, this approach is insufficient for data
sets that include moving fluorescent particles that are occasionally obscured by locally
high background levels or stationary fluorescent particles (see below). Thus, we
designed an algorithm that relies on differences in the noise statistics between models of
moving particles and stationary noise to better identify particles of interest. We
engineered a solution that utilizes the properties of Poisson-like statistics in 𝐾 to identify
particles from regions where the noise statistics suggest evidence of a moving particle.
To resolve the moving particles from background signal, we first created two
models from the primary data, one representing the moving particles (e.g., fluorescently
labeled kinesin) and the other representing stationary signals. The processively moving
kinesin motors present in the effective photon count model K, can be readily followed
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over background by eye when visualizing the time sequence as a movie at 10 frames
per second (fps). However, it is difficult to computationally identify these motile particles
using an automated algorithm that processes frames independently. We sought
inspiration from the human visual system (Lindeberg, 1998), because it correlates pixels
in adjacent frames of a movie to augment object recognition. We performed a
spatiotemporal convolution of the pixels in 𝐾 according to a ballistic diffusion model to
supplement the signal of dim photon signatures from moving motors. We reasoned that
a pixel, 𝑖, at frame, 𝑗, should be temporally correlated to a Gaussian blurred pixel, 𝑖, at
frame, 𝑗 ± 𝑛, where the Gaussian filter has a standard deviation (σ) of 𝜎 ∝ 𝑛. Each pixel
𝑖 at frame 𝑗 was averaged with its temporal neighbors with weights calculated from a 1D
Gaussian kernel with a σ, of 1 frame.
In the interest of computational efficiency, we truncated the length of our
temporal kernel, 𝑇(𝑛), to a size of 5 temporal pixels. We generated two Gaussian filter
movies, one with a σ of 1 pixel for pixels in adjacent frames to pixel 𝑖 which we denote
as 𝐺1 (𝐾) and one with a σ of 2 pixels for pixels 2 frames before and after pixel 𝑖 which
we denote as 𝐺2 (𝐾). We chose a spatiotemporal window blur of 5 frames (2 frames
before and after) since > 95% of the moving motor signal in our data is maintained within
2 adjacent pixels. For every pixel 𝑖 at frame 𝑗 the estimated motion model 〈𝑃〉 mean as:
〈𝑃𝑖𝑗 〉 = 𝑇(−2)𝐺2 (𝐾)𝑖,𝑗−2 + 𝑇(−1)𝐺1 (𝐾)𝑖,𝑗−1 + 𝑇(0)𝐾𝑖,𝑗 + 𝑇(1)𝐺1 (𝐾)𝑖,𝑗+1 +
𝑇(2)𝐺2 (𝐾)𝑖,𝑗+2 (4)
For this work, all of our convolution operations use reflective boundary conditions. Each
pixel in each frame of the resulting motion movie was temporally and spatially averaged
with neighboring pixels; the resulting movie was more blurred than the calibrated movie,
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but maintained the signal from moving motors and background (Table I; Figure 2.1C,
Motion; and Video S1-4).

Figure 2.1. Cega workflow.
A) Example time sequence taken from image sequence of kinesin motors moving within
an axonal compartment, as well as corresponding tracks calculated after Cega
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detection. B) Diagram of Cega steps leading to spot detection. Font between each step
indicates values used to process axonal and dendritic data. C) Image sequence of
timepoints in A after processing with each of Cega’s steps. Image stills represent how
data is manipulated at each step. Green arrows indicate moving spots, while red arrows
indicate positions of stationary spots. Dim colored spots in the KL divergence images
represent locations of spot detection. Spots in the LoG images represent detected spots,
colored by appearance over time. Spots corresponding to the same track are connected
with the same colored lines.
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Table I. Cega thresholding values used for experimental data.
Step

Pixel
calibration

Stationary
model
estimation

Optimal values How to estimate
estimated for
values
experimental
data
Offset = 2293
Estimated from
& Gain = 71
series of dark
frames from
EMCCD camera
(see Methods).
Sliding
Duration of >95%
temporal
of moving motors
window median of interest.
filter = 31
frames.

Motion model
estimation

Spatiotemporal
gaussian blur =
5 frames

KL
divergence

No user defined
parameters are
required.
3 connected
pixels > 0.1
nats

Connectivity
Filter

LoG Filter

3x3
neighborhood
pixel sum from
connectivity
filter > 5 nats.

Additional considerations
for optimal use

Data must be calibrated
before Cega.
Calibration is specific to the
camera used.
If tracking particles that move
for long periods of time or
periodically pause, choose a
window size encompassing
the duration of >95% of the
particles of interest.

Duration that
>95% of moving
motors remain
within 2 adjacent
pixels.
No user defined
parameters are
required.
Threshold set to
95th percentile of
connectivity model.

Smaller temporal kernel
provides better
computational efficiency.

Threshold set to
95th percentile of
LoG model.

The LoG image sequence is
used to find initial local
minima. Then, connectivity
image sequence values for
these positions are used to
threshold local minima
appropriately.
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Stationary and motion
models are used as input.
Additive salt noise results in
many false positives. This
noise is removed before
candidate finding by applying
a threshold.

Figure 2.1.S1. Parameter sweep of Cega on simulated data using axonal
background.
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Simulated data using axonal background signal was used where mean photon
emissions were set to 200 photons, which corresponds to a SNR of 2.8. A) Kymographs
of tracks determined from simulated particles within axonal compartments using Cega
with a stationary model sliding window median of 11 to 51 frames. Jaccard indices and
recall rates for tracks determined after Cega filtering are listed below each
corresponding kymograph. Shorter windows resulted in the removal of longer duration
tracks. B) Kymographs of tracks determined from simulated particles within axonal
compartments using Cega with a connectivity filter threshold of 0 to 0.2. Jaccard indices
and recall rates for tracks determined after Cega filtering are listed below each
corresponding kymograph. Changing the connectivity filter threshold did not dramatically
influence signal detection and tracking. C) Kymographs of tracks determined from
simulated particles within axonal compartments using Cega with a LoG threshold of 0 to
10. Jaccard indices and recall rates for tracks determined after Cega filtering are listed
below each corresponding kymograph. These values were used to threshold the KL
divergence score of LoG filtered determined coordinates. Smaller LoG threshold values
failed to remove the coordinates of spurious signal present in the KL divergence movie,
whereas large thresholds eliminated the signal of moving motors in the KL divergence
model.
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Figure 2.1.S2. Parameter sweep of Cega on simulated data using dendritic
background.
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Simulated data using axonal background signal was used where mean photon
emissions were set to 200 photons, which corresponds to a SNR of 2.8. A) Kymographs
of tracks determined from simulated particles within dendritic compartments using Cega
with a stationary model sliding window median of 11 to 51 frames. Jaccard indices and
recall rates for tracks determined after Cega filtering are listed below each
corresponding kymograph. Shorter windows resulted in the removal of longer duration
tracks. B) Kymographs of tracks determined from simulated particles within axonal
compartments using Cega with a connectivity filter threshold of 0 to 0.2. Jaccard indices
and recall rates for tracks determined after Cega filtering are listed below each
corresponding kymograph. Changing the connectivity filter threshold did not dramatically
influence signal detection and tracking. C) Kymographs of tracks determined from
simulated particles within axonal compartments using Cega with a LoG threshold of 0 to
10. Jaccard indices and recall rates for tracks determined after Cega filtering are listed
below each corresponding kymograph. These values were used to threshold the KL
divergence score of LoG filtered determined coordinates. Smaller LoG threshold values
failed to remove the coordinates of spurious signal present in the KL divergence movie,
whereas large thresholds eliminated the signal of moving motors in the KL divergence
model.

Estimating Stationary Model 〈𝑄〉
The program next generates a stationary model 〈𝑄〉 to represent the background
fluorescence. The background within our data is structured and non-uniform, and Cega
is suited for suppressing this fluctuating and structured background. The effectiveness of
Cega is reliant upon how well the stationary model estimates the background of the
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motion model. Since we used a sequence of expanding Gaussian filters to estimate 〈𝑃〉,
a similar level of blurring is required for the estimate of 〈𝑄〉, or there will be structural
artifacts wherever the background has sharp features. To ensure 〈𝑄〉 has the same
resolution as 〈𝑃〉, we generate an intermediate movie of convolved filters without
temporal correlations.
𝐵𝑖,𝑗 = 𝑇(−2)𝐺2 (𝐾)𝑖,𝑗 + 𝑇(−1)𝐺1 (𝐾)𝑖,𝑗 + 𝑇(0)𝐾𝑖,𝑗 + 𝑇(1)𝐺1 (𝐾)𝑖,𝑗 + 𝑇(2)𝐺2 (𝐾)𝑖,𝑗 (5)
The temporal median filter was then applied to every pixel in 𝐵. This step is
similar to the implementation of median filters for detecting fluorophore signals in single
molecule localization microscopy (SMLM) data (Hoogendoorn et al., 2014; Piccardi,
2004), except with an added Gaussian filter. Ideally, the median filter needs to suppress
dynamical fluctuations from moving motors while representing a gradually fluctuating
background as accurately as possible. Therefore, the sliding window must exceed the
duration of the moving motor signal, or else the motor signal will remain within the
stationary model and will be removed when the KL divergence is applied against the
motion model. We chose a sliding window of 31 frames, 15 frames before and after the
pixel of interest to sample our median pixel as it appeared to provide the best
compromise between dynamics suppression and background estimation accuracy
(Figure 2.1.S1 and 2.1.S2). For our data, >95% of moving motors moved within this 31
frame range. The stationary model (Table I; Figure 2.1C, Motion and Stationary; and
Video S1-4) used more frames than the motion model, and the resulting stationary
movie is even more blurred than the motion movie. 〈𝑄〉 is defined as the movie
generated after applying a non-temporal averaging of the Gaussian filters used on 〈𝑃〉,
followed by a temporal median filter with a sliding window of 31 frames.
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KL Divergence - Segmenting Moving Particles from Noisy Data
Next, the differences between moving 〈𝑃〉 and stationary 〈𝑄〉 models are used to
resolve moving particles from stationary noise. To do so, we used the Kullback-Leibler
(KL) divergence (Kullback & Leibler, 1951) to estimate the dissimilarity between the
stationary and motion models. The general approach is to estimate two separate model
hypotheses from the movie 𝐾 and apply the KL divergence on a per-pixel basis that
calculated the dissimilarity between groups.
The KL divergence for some random quantity 𝑥 given hypothesis 𝑃 and tested
against null hypothesis 𝑄 is defined as:
𝑃(𝑥)

𝐷𝐾𝐿 (𝑃||𝑄) = ∫ 𝑃(𝑥) 𝑙𝑛( 𝑄(𝑥))𝑑𝑥 (6)
In our application, we posited two hypotheses with Poisson statistics, the motion 〈𝑃〉 and
stationary 〈𝑄〉 models, where the quantity 𝑥 represents the effective photon counts that
could be measured in an image pixel. We hypothesized that the movie 𝐾 is a single
instance of 𝑥, a Poisson-like realization of the per pixel distribution 𝑃. We wanted to see
how poorly a per pixel distribution 𝑄 would predict 𝐾 if 𝑃 more accurately modeled the
input data and 𝑄 only modeled stationary objects. In other words, either the pixels in
〈𝑃〉 or 〈𝑄〉 can be used to represent the expectation value of the pixels in 𝐾, but since
they are different models they will lead to different probability densities per pixel. Since 𝐾
is Poisson-like, this means that the KL divergence of the i-th pixel in 𝑄 from the i-th pixel
in 𝑃 is the KL divergence between two Poisson distributions:
𝑃

𝐷𝐾𝐿 (𝑃𝑖 ||𝑄𝑖 ) = 〈𝑄𝑖 〉 − 〈𝑃𝑖 〉 + 〈𝑃𝑖 〉 𝑙𝑛 ( 𝑄𝑖 ) (7)
𝑖
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Given estimators for 〈𝑃〉 and 〈𝑄〉, the KL Divergence movie (KLM) is generated (Table I;
Figure 2.1C, KL divergence; and Video S1-4). The KL divergence model attenuated the
background signal while enhancing the signal of moving motors, hence isolating the
particles of interest over the background.

Connectivity Filtering - Denoising the KL Divergence Movie
The KLM has larger pixel values where the two models are in disagreement,
suggesting evidence of mobile motors since 〈𝑄〉 was designed to ignore motion.
However, the estimators are not perfect, and this results in unusually noisy pixels
throughout the movie where 〈𝑃〉 and 〈𝑄〉 are in spurious disagreement with one another.
This produces white pixels, known as salt noise, that are sprinkled in throughout the
movie, without producing darker pixels, or pepper noise. Since the data is under
sampling the Nyquist limit, the additional effect of temporal averaging in 〈𝑃〉 all but
guarantees that the signal left by the moving motors spreads over multiple pixels. The
spurious noise of the KLM is removed with a connectivity filter (Table I; Figure 2.1C,
Connectivity; and Video S1-4), which eliminates all but the top 95% of the data within
this model that includes the moving motor signal (Figure 2.1.S1 and 2.1.S2). To do this,
any 3𝑥3 pixel subregion in the KLM must have at least 3 pixel values greater than the
95th quantile, measured to be 0.1 nats (units of natural logarithm), or the center pixel of
that subregion is set to 0 in the connectivity movie. The remaining signal represented
moving particles (colored circles in connectivity row; Figure 2.1C and Video S1-4).

LoG Filtering and Detecting Local Minima
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The denoised KLM is then passed through a scale space Laplacian of Gaussian
(LoG) filter (Lindeberg, 1998) to detect the local curvature of the signal left from the
connectivity filter, using two sigma values, 1 and 1.5 pixels, representing the parameter
width of the filtering kernels (Table I; Figure 2.1C, LoG; and Video S1-4). This step
enhanced the boundaries of the motors where there is a high transition from dark to
bright signal and returned negative values at their peaks, which is why the signal
appears as circles with black centers (colored circles in LoG row; Figure 2.1C). The
smaller sigma value represents a typical motor signal and the larger sigma value helps
to identify potential motors that are moving much faster and display a smeared
information signature in the denoised KLM. We did not notice an improvement in object
detection with additional scales in the LoG filter. Other SPT programs such as u-track
(Jaqaman et al., 2008) and TrackMate (Tinevez et al., 2017) also use filters based on
LoG segmentation, but apply them to raw data.
Local minima from the LoG filtered movies are then aggregated into a list of
potential signal coordinates (Table I, LoG Filter). The coordinates for each local
minimum in LoG space (x, y, t ) are used to retrieve the KL divergence score of the
associated extremum pixel. Coordinates that point to a 3𝑥3 region of KL divergence
values that sum to less than a user-specified threshold were discarded. We used the
95th quantile of the connectivity movie (5 nats) to preserve only coordinate positions of
moving motors (Figure 2.1.S1 and 2.1.S2). After detection, coordinates can be
connected into trajectories and analyzed with conventional tracking algorithms available
for downstream SPT processing (Video S5-8).
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Comparison to Existing Methods
Candidate Finding
To test Cega’s ability to correctly detect simulated particles over typical
background signal, we generated a time series of simulated particles by adding
simulated photons on temporally filtered experimental data (see simulation methods).
Fluorescent particles that represent GFP-K560 were simulated with mean photon
emissions ranging from 50 - 600 photons per full frame of acquisition, corresponding to a
signal to noise ratio (SNR) ranging from 0.7 to 8.5. This range includes the SNR within
our experimental data (S. Wang et al., 2014), which was measured to be ~ 4 following
integration time, but also encompasses SNR expected from dimmer fluorescent proteins
as well as brighter organic dyes. Moving particles were detected using Cega and
background subtraction of median or minimum temporal filters with a 31 frame window,
or standard particle detection with no background subtraction (Lindeberg, 1998). All
methods were manually tuned with thresholds to maximize performance at a specific
probe intensity. The background intensity was held fixed in simulations because
detection capability is a function of SNR, and our simulations cover a large range of
SNRs. The spot finding algorithms had a threshold based upon the maximum pixel value
in a 3x3 pixel neighborhood of the estimated spot center. To quantitatively compare
Cega’s performance against other particle detection methods processes, we calculated
the Jaccard index and recall rate (see Methods). The Jaccard index is a statistic used to
understand the similarities between sample sets (Milligan, 1981), and in this case is a
measure related to the similarity between spot positions detected by each of the
detection processes compared to the actual simulated spot positions. The recall rate, or
64

true positive rate, is a measure of the ability of each of the detection processes to find all
the simulated spots.
The performance of Cega was ranked amongst typical spot finding algorithms
that use the raw movie or a background subtracted movie as the signal prior to scale
space LoG filtering (Figure 2.2). No algorithm tested was capable of providing a
detection solution at a SNR of ~ 0.7, but Cega showed noticeable improvements at a
SNR of ~ 1.4 and the median background subtracted spot finder matched performance
after the SNR exceeded 4.2, which is greater than the range of our experimental data.
The minimum background subtracted spot finder met up with the prior two algorithms at
a SNR of 4.9. The standard spot finder did not catch up in performance but started to
improve significantly after the SNR exceeded 4.9.
The trends from the Jaccard index test show that any sort of background
subtraction is a vast improvement over spot finding with the raw image (Figure 2.2A and
B). The trends also show that Cega is able to discern between false signal and a moving
motor with less information than the background subtracted methods. The recall rate
was high for all methods at high probe intensities but was at 50% for Cega at ~ 0.7 SNR
(Figure 2.2C and D), since Cega could not reliably extract particle features at this SNR.
The other methods, which had twice the recall rate at ~ 0.7 SNR, had similar or lower
Jaccard indices, which meant they had twice as many false positives. Finer parameter
tuning could raise or lower Jaccard indices by a few percentage points, but the trends
are clear; Cega performs more reliably at lower probe intensities and background
subtraction methods converge in performance shortly thereafter.
In addition, receiver operating characteristics (ROC) curves indicate clearly that
Cega outperforms the other spot finding algorithms over a range of parameter values
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(Figure 2.2.S1). These curves, similar to Reismann et al., (2018) plot the true positive
rate (TPR) against the false detection rate (FDR) as one parameter is varied at a time.
Points falling in the upper left quadrant are ideal, as they maximize the number of true
positives and limit the number of false positives. For Cega, we varied the stationary
model sliding window size, and the connectivity filter and LoG filter KLM thresholds. For
the other spot finding algorithms we could only vary the pixel threshold. In general, the
ROC curves resulting from sweeping Cega’s parameters were shifted to the left of that
produced from sweeping the other spot finding algorithms, suggesting that Cega did not
produce as many false positives as the other detection methods over a large range of
Cega’s parameter values. The values for the sliding window and connectivity filter and
LoG filter KLM thresholds chosen for Cega detection fell well below a FDR of 0.5, where
the true positive fits overpower the number of false positive fits.
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Figure 2.2. Analysis of Cega spot detection.
A and B) Jaccard index values calculated for simulated spots detected with Cega,
median or minimum background subtraction methods, or standard methods, as the SNR
increases. C and D) Recall rate for detection methods as SNR increases. Simulations
were run 100 times and resulted in a standard deviation of < 0.0045.

Figure 2.2.S1. Cega parameter sweep and performance test on simulated data.
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ROC plots for Cega detection on simulated data using axonal and dendritic background
signal, where mean photon emissions were set to 200 photons, which corresponds to a
SNR of 2.8. A-B) Cega performance against median or minimum background subtraction
methods, or standard methods. Cega’s stationary model sliding window median was
changed from 1 to the full frame length of our data (503 frames). In contrast to Cega, the
other methods produced a horseshoe shaped ROC curve due to the high number of
false positives present when the thresholding is too low and the majority of signal
detected is background, and too high and the majority of signal detected is from
background signal brighter than the signal of simulated particles. C-D) Cega
performance against other detection methods as the connectivity filter threshold was
changed from 0 to 2 and the threshold of the other methods was varied. E-F) Cega
performance against other detection methods as the LoG filter KLM threshold was
changed from 0 to 10, and the thresholds for the other methods were swept.

Tracking
We also tested the ability of Cega to effectively discard stationary particles, which
becomes apparent when performing a full tracking experiment. Cega detection was
performed on simulated data with mean photon emissions of 200, or 2.8 SNR, as this
SNR is similar to that of the dimmer particles within our experimental data. After
candidate finding, simulated motor spot coordinates were connected into trajectories
using an in-house tracking software (Relich, 2016; Schwartz et al., 2017) based on the
linear assignment problem (LAP) used in u-track (Jaqaman et al., 2008). The trajectories
formed after application of Cega or median background subtraction were then displayed
on kymographs and compared against the known simulated spot trajectories.
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Kymograph plots of simulated tracks show that parameter values chosen for Cega were
optimal (Figure 2.1.S1 and 2.1.S2), and spot detection using Cega provided for more
accurate tracking of simulated particles, compared to median background subtraction
which had lower Jaccard indices (Figure 2.3). The zoom-in overlap shows that the
median background subtraction methods resulted in many false tracks, most likely due
to capturing background signal. Comparison of the Jaccard index and recall rates
showed that Cega was more accurate in generating known tracks. This was true for
simulated movies from both axons and dendrites with differing background signal. The
difference in Jaccard index between tracks resulting from Cega and median background
subtraction was greatest for the simulated axonal movie which contained uneven
illumination and more background signal than the dendritic movie. In addition, Cega
allowed for improved tracking in the simulated dendrite movie, where particle density
was higher.
After testing Cega with simulated data, we used Cega to analyze our
experimental data (Figure 2.4). Motor tracks detected during Cega analysis of
experimental movies were mostly linear, with velocities similar to those expected from
kinesin-1 motors in an in vitro system, while median background subtraction produced
many tracks containing spurious noise, resulting in non-uniform tracks. We also found
that Cega was able to track motors that switched direction during movement (Figure
2.4B zoom-in). As these directional switches were not detected in this data set with
programs such as u-track (Jaqaman et al., 2008) and TrackMate (Tinevez et al., 2017),
the Cega algorithm provides a more reliable analysis of the data from these complex
microtubule arrays.
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Figure 2.3. Analysis of tracking after Cega or median background subtraction
methods.
Simulated data using axonal background signal was used where mean photon
emissions were set to 200 photons, which corresponds to a SNR of 2.8. A and B)
Kymographs of tracks determined from simulated particles within axonal and dendritic
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compartments. Although the same number of particles were simulated in the axonal and
dendritic movies, the dendritic movie was smaller in size, resulting in a higher density of
particles. In the merge kymograph and zoom-in area, cyan indicates locations where
only simulated tracks and Cega detected tracks overlap, whereas yellow indicates where
only simulated tracks and median background subtracted detected tracks overlap.
Magenta tracks are where only Cega and median background subtracted tracks overlap.
Jaccard indices and recall rates for tracks determined after Cega filtering and median
background subtraction are listed below each corresponding kymograph.
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Figure 2.4. Analysis of Cega performance on original dataset.
A and B) Kymographs of tracks determined from kinesin motors moving on microtubule
arrays within axonal and dendritic compartments. In the merge kymograph, yellow areas
indicate where Cega and median background subtracted detected tracks overlap.
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IV. Discussion
Single particle tracking software allows automated quantitative analysis of both in
vitro and in vivo experimental data. However, as experimental systems become more
complex, background signal often increases and becomes non-uniform, posing a
significant challenge to current software. As an example, we analyzed the motility of
kinesin motors moving along extracted neuronal cytoskeletal arrays, as these data are
much noisier than data from more reductionist single molecule in vitro assays and
contain spatially and temporally varying background. The quantitative metrics and
qualitative comparisons shown here make it clear that more sophisticated particle
identification methods are required to reliably extract SPT information from more
complex data sets. Conventional spot finding algorithms use pixel intensity metrics for
thresholding of real signals from artifacts. In our datasets from motility along extracted
neurons, intensity-based metrics failed to reliably threshold real motor signals from
noise. As a result, more than half of the trajectories recovered from SPT software were
false. Cega, on the other hand, uses statistical calculations which factor in background
estimations so that artifacts from local regions of high background fluorescence are
mitigated. Use of Cega on experimental data resulted in a dramatic reduction and
temporal shortening of false trajectories.
We found that Cega was dependent on the quality of the background estimation
technique used to determine 〈𝑄〉. Before settling on a temporal median background
estimator, we first tried using the temporal minimum filter, but we found that the median
filter was a better discriminator of signal over noise at lower photon counts. It is possible
that there is an ideal quantile value for background estimation, but it was not an avenue
we explored because it seemed that finding the optimal quantile would be dependent on
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specific experimental conditions. Another avenue for optimization would be to
incorporate a weighted spatiotemporal median filter instead of the standard temporal
median filter (Brownrigg, 1984). The current implementation of Cega out-performs
current background subtraction methods when analyzing neuronal data sets. Still, we
believe that further improvement of Cega is feasible and future studies should focus on
improving the accuracy of background estimation. For example, more accurate
background estimation techniques utilizing deep learning have been developed recently
(Möckl et al., 2020) and incorporating these into the estimation of 〈𝑄〉 could improve the
KLM movie.
The Jaccard index and recall rate from a range of detection techniques were
compared to demonstrate that Cega had better performance than a typical spot finder
with background subtracted data (Hoogendoorn et al., 2014). In either instance, the
recall rate of both methods could approach 100%, but the number of false positives
would skyrocket; this information on spot reliability is conveyed by the Jaccard index.
Unfortunately, the Jaccard index does not fully represent tracking capability, as a false
negative compromises tracking software much more than a false positive (Ihor Smal &
Meijering, 2015), but this is only true when false positives are not spatiotemporally
correlated to one another. We treat the Jaccard index as a baseline for the potential of a
successful tracking analysis. A Jaccard index over 0.9 is very likely to return accurate,
full length trajectories. A Jaccard index of 0.5 is more likely to return partial trajectories if
the recall rate is low or is more likely to return a high percentage of false trajectories if
the recall rate is high and the artifacts are correlated. Therefore, although the Jaccard
index and recall rate alone are not sufficient to guarantee tracking performance, together
they provide good indicators as to assess the relative quality of tracking algorithms.
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Our simulations were designed to be optimal for particle detection against
structured background signal from our data sets. The simulations were generated by
adding photons from simulated motors on a median background estimate of axonal and
dendritic movies. The median background was taken from a much shorter temporal
window (7 frames) than what is used from our spot finding analyses (31 frames). The
reason for this was that a shorter temporal median filter preserved the background
structure better. Legitimate motors from experimental data were not completely filtered
out as a direct consequence of using a shorter temporal window in the median filtering of
our simulated data. As a result, there were spatiotemporally correlated pixels that
highlight moving particles in our background data. The estimation artifacts guaranteed
that none of the measured spot finding algorithms could score a perfect Jaccard index of
1. The moving background artifacts resulted in a few spurious particle coordinates in
Figure 2.2 which actually corresponded to true trajectories in Figure 2.3. Nevertheless,
all spot finding algorithms we tested tracked these artifacts. While the parameters that
we used here were optimal for tracking moving motors, Cega is capable of detecting
motors that intermittently pause as long as a window size encompassing the duration of
>95% of the particles of interest is chosen for the stationary model estimation.
SPT remains an open problem and the field is constantly evolving. For this work,
we used a consistent tracking software so we could focus on assessing the quality of the
initial spot detection algorithm chosen. The in-house tracking software used here
(Relich, 2016; Schwartz et al., 2017), based on the LAP used in u-track (Jaqaman et al.,
2008), in combination with Cega, allowed for tracking of moving motors within a dense
background. Importantly, Cega spot detection allowed for the tracking of motors that
change directions, something that programs such as u-track (Jaqaman et al., 2008) and
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TrackMate (Tinevez et al., 2017) were unable to accomplish with this experimental
dataset. However, the tracking software we used is still not optimal for this problem;
aside from the spot candidates, the additional information generated from Cega is not
incorporated into the downstream tracking algorithms. Incorporating the heterogeneous
background information or the KL divergence score into downstream tracking methods
would increase the robustness of the tracker in noisier data. Most notably is the
localization algorithm used in this study. Our chosen tracker has a localization algorithm
incorporating MAPPEL software (Olah, 2019), which does not incorporate the estimated
background information from Cega. As a result, the returned fit statistics are sub-optimal
indicators for the tracking phase. It is well known that incorporating prior background
information greatly enhances the accuracy and recall rate of single molecule microscopy
(Hoogendoorn et al., 2014), so measuring the trajectory improvements from an
enhanced localization estimator would be a good next step in improving tracking
resources for motors community.
Although there are many components in SPT that are yet to be refined for
tracking in more complex data sets such as the neuronal data analyzed here, Cega
presents a marked improvement in a critical component of the greater SPT workflow. By
using statistical hypothesis techniques to segment background, we were able to track
moving particles more reliably while discarding nuisance objects. Our refined trajectories
dramatically minimize false trajectories because Cega is a better discriminator of signal
than intensity-based spot finding algorithms. By estimating a baseline of accuracy in the
beginning phases of a tracking algorithm, we can dramatically improve downstream
performance for all SPT algorithms that are structured to identify particles before the
connecting trajectories.
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V. Materials and Methods
Protein Expression and Purification
K560-GFP protein was purified as described in (B. B. McIntosh et al., 2018) with
the following modifications. The K560-GFP DNA was transformed into BL21(DE3)pLysE
bacteria (Sigma Aldrich, CMC0015-20X40UL) and cultures containing the plasmid were
grown at 37 °C until an OD600 of 0.4 was reached. Protein expression was then induced
with 0.15 mM IPTG for 18 hrs at 18 °C. Cells were pelleted and flash frozen in liquid
nitrogen and stored at -80 °C. On the day of purification, cells were resuspended in lysis
buffer (50 mM NaPO4, 250 mM NaCl, 20 mM Imidazole, 1 mM MgCl2, 0.5mM ATP, 1
mM $\beta$-ME, 0.01 mg/mL aprotinin and leupeptin, pH 6.0), and lysed by passage
through a microfluidizer (Microfluidics). Lysate was clarified by centrifugation at 42,000
rpm for 30 mins, and subsequently run over a Co2+ agarose bead (GoldBio, H-310-25)
column at 1 mL/min. Bound protein was washed with wash buffer (50 mM NaPO4, 300
mM NaCl, 10 mM Imidazole, 1 mM MgCl2, 0.1 mM ATP, 0.01 mg/mL aprotinin and
leupeptin, pH 7.4), and eluted with elution buffer (50 mM NaPO4, 300 mM NaCl, 150
mM Imidazole, 1 mM MgCl2, 0.1 mM ATP, pH 7.4). Elution fractions were pooled and
concentrated. Buffer was exchanged to BRB80 (80 mM NaPIPES, 1 mM MgCl2, 1 mM
EGTA, pH 6.8) by loading protein over Nap10 (GE Healthcare, 17-0854-01) and PD10
(GE Healthcare, 17-0851-01) exchange columns. MT affinity/dead-head spin was
performed as described in (McIntosh et al., 2018). Protein concentration was determined
using Pierce BCA Protein Assay Kit (ThermoFischer Scientific, 23225).
Neuronal Cell Culture
35-mm glass-bottom dishes (MatTek, P35G-1.5-14-C) were coated with 0.5
mg/ml poly-L-lysine (Sigma-Aldrich, P1274) overnight, and rinsed with dH20 and MEM
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(Gibco®, 1109-072) prior to plating neurons. E18 Sprague–Dawley rat hippocampal
neurons were received from the Neuron Culture Service Center at the University of
Pennsylvania and plated in attachment media (MEM(Gibco®, 1109-072) supplemented
with 10 % horse serum (Gibco®, 26050-070), 33 mM glucose (Corning, 25-037-CIR),
and 1 mM sodium pyruvate (Gibco®, 11360-070)) at a density of 250,000 cells per dish
and cultured 37 °C with 5 % CO2. After 4-6 hrs of attachment, media was replaced with
maintenance media (Neurobasal (Gibco®, 21103-049) supplemented with 33 mM
glucose (Corning, 25-037-CIR), 2 mM GlutaMAX (Gibco\R, 35050-061), 100 units/mL
penicillin and 100 µg/ml streptomycin (Gibco®, 15140-122), and 2 % B27 (Gibco\R,
17504-044)). 24 hrs after initial plating, AraC (Sigma Aldrich, C6645) was added at 10
µM to prevent glial cell division.
Motor-PAINT Assay
The neuronal MT cytoskeleton was extracted, stabilized and fixed according to
previous work (Tas et al., 2017) with slight modifications. At 9-10 DIV, membranes were
extracted from neurons by incubation with extraction buffer (1M sucrose, 0.15 % Triton-X
in BRB80 pH 6.8 at 37 °C) for 1 min. An equal amount of fixation buffer (1 %
paraformaldehyde (PFA) in BRB80 pH 6.8 at 37 °C) was added for 1 min with gentle
swirling. Dishes were rinsed 3 times with wash buffer (2µM Paclitaxel in BRB80 pH 6.8
at 37 °C), and once more right before imaging. For imaging, extracted MT arrays were
placed in imaging buffer (1 mM ATP, 2 µM Paclitaxel, 0.133 mg/mL casein (Sigma
Aldrich, C5890-500G), 0.133 mg/mL bovine serum albumin (BSA) (Fischer Scientific, 50253-90), 4 mM DTT, 6 mg/mL glucose, 49 U/mL glucose oxidase (Sigma, G2133250KU), 115 U/mg catalase (Sigma, C100-500MG), 0.21 mg/mL creatine
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phosphokinase (Sigma, C3755-35KU), 4.76 mM phosphocreatine (Sigma, P7936-1G) in
BRB80 pH 6.8) containing 5-10 nM K560-GFP motor dimer.
Microscopy
Motor-PAINT assays were performed at 37 °C using a PerkinElmer Nikon Eclipse
Ti TIRF system, using a Nikon Apo TIRF 100x 1.49 NA oil-immersion objective and a
Hamamatsu ImagEM C9100-13 EMCCD camera operated by Volocity software. Movies
were obtained by continuously acquiring K560 motor images at 5 fps for 2 min.
Offset and Gain Calibration
Gain calibration of the Hamamatsu ImagEM C9100-13 EMCCD camera was
performed by fusing techniques from standard and automated gain calibration practices.
Our camera had a few damaged pixels in the upper right quadrant of the sensor Region
of Interest (ROI). The damaged pixels caused errors in automated gain calibration
(Heintzmann et al., 2018) but we were able to reliably track molecules with scalar gain,
offset, and read noise variance parameters by cropping the sensor ROI so that only
undamaged pixels were used in the following gain regression algorithms.
First, a dark movie was acquired with 200 frames with the camera shutter closed.
The mean pixel value of the dark movie used the estimate for 𝑂 and the corresponding
variance was the estimate for 𝑣𝑎𝑟(𝑅) in units of 𝐴𝐷𝑈 2.
We performed the single shot gain estimator on a few cropped images given
knowledge of 𝑂 and 𝑣𝑎𝑟(𝑅) and we extracted an averaged 𝐺 as our gain parameter
using the single shot gain estimation algorithm described in (Heintzmann et al., 2018).
With 𝐺 we were able to determine that 𝑣𝑎𝑟(𝑅)𝐺 −2 << 1 on this camera which allowed
us to ignore the effects of additive read noise for the remainder of our analysis. The
technique failed when processing with the complete camera ROI because a strip of
79

about 6 adjacent camera pixels that appeared to have been damaged by a photon oversaturation event resulted in an over estimation of the energy contribution from the high
frequency Fourier spectrum. The damaged pixels were noticeably darker than the more
functional neighboring pixels, but they were spatially correlated, limited in number and
did not noticeably affect tracking results or biological experiments.
We estimated our Poisson movie 𝐾 ≈ (𝑆 − 𝑂)𝐺 −1 and discarded the read noise
term. We use the movie 𝐾 for all of our subsequent analysis for Cega and downstream
tracking.
Motor Protein Simulations
Simulated data was generated by fusing a background estimate of experimental
data with simulated photon signatures from procedurally generated trajectories. The
resulting process provided a realistic movie with simulated motor photons and a ground
truth of averaged positions.
The experimental movie was stripped of its true motor proteins via a median filter
with a temporal width of 7 frames. The shortened temporal median filter provided a more
accurate depiction of the experimental background data but left some noticeable residual
emissions from moving motors wherever the motors had aggregated. This resulted in
data where a certain fraction of false positives was guaranteed with experimentally
relevant photon intensities for the simulated motors. Poisson noise was added to the
median filtered movie.
The motor photon trajectory positions were calculated at time points before and
after every simulated camera acquisition. The rough positions were modeled from a
Kalman filter process, where proteins are subjected to diffusion with drift, but a white
process noise is applied to the drift velocity so that proteins could gradually change
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direction and speed. The initial mean velocities were drawn from a log normal
distribution to match the distribution of velocities observed in experimental data. Motor
protein photons were painted by interpolating discrete trajectory positions with a
Brownian bridge (Lindén et al., 2016) given exponentially sampled time points with a rate
set by the mean photon parameter.
The final simulation movie consists of the simulated motor photons, summed with
the background movie and white noise. The white noise had a sigma of 0.1 photons was
added to all pixels to simulate extra read noise.
SNR
We calculated the SNR for data of simulated motors with mean photon emissions
ranging from 50 - 600 photons per full frame of acquisition based on the following
equation described in (Salehi-Reyhani, 2017):

𝑆𝑁𝑅 =

(𝑆−𝐵)
𝜎

(8)

Where 𝑆 is the maximal peak intensity of the simulated molecules, 𝐵 is the average
background pixel intensity and 𝜎 is the standard deviation of the background pixel
intensity.
Jaccard Index Score and Recall Rate
The Jaccard index (Milligan, 1981) is an algorithm performance metric defined
as:
𝐽=

𝑇𝑃
𝑇𝑃+𝐹𝑃+𝐹𝑁
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(9)

Where 𝑇𝑃 is the number of true positives, 𝐹𝑃 is the number of false positives, and 𝐹𝑁 is
the number of false negatives when comparing a list of coordinates to a known ground
truth. Similarly, the recall rate is defined as:
𝑅=

𝑇𝑃
𝑇𝑃+𝐹𝑁

(10)

and is useful for determining how well a true trajectory can be reconstructed if there was
a downstream method for removing false positives.
To score the performance of Cega and the other spot finders, the linear
assignment problem (Jonker & Volgenant, 1987) was used to assign the nearest true
coordinates to the algorithm coordinates. The squared distance between ground truth
and algorithm coordinates plus 1 was used as the cost for assignment. The birth and
death costs were set to 4. Any assignment costs greater than 4 were discarded to
prevent assigning coordinates pairs that were separated by at least 2 pixels. Coordinate
pairs that were assigned to one another were counted as true positives, true coordinates
did not pair were scored as false negatives, and algorithm coordinates that did not pair
were scored as false positives. For trajectories formed after spot detection with Cega
and the other spot finders, the Jaccard index and recall rates were calculated by taking
each kymograph and measuring the overlap of track segments to the ground truth on a
pixel basis.
Tracking Software
The tracking software implemented for this manuscript was adapted from the
MATLAB software developed for (Relich, 2016; Schwartz et al., 2017), and is based on
the software used in u-track (Jaqaman et al., 2008). A few minor modifications were
applied to make the workflow amenable to motor proteins, primarily the blob finding
82

routine for initial candidate selection was replaced with Cega. The software in its current
implementation does not yet incorporate heterogeneous background information in the
localization routines. A median background subtraction on the data was considered for
the localization routine, but was omitted from this exposition because the maximum a
Posteriori estimator cannot process negative pixel values. The same tracking software
and parameters were used for all comparisons between Cega and the median
subtracted spot finder.
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I. Summary
Microtubules establish the directionality of intracellular transport by kinesins and
dynein through their polarized assembly, but it remains unclear how directed transport
occurs along microtubules organized with mixed polarity. We investigated the ability of
the plus-end directed kinesin-4 motor KIF21B to navigate mixed polarity microtubules in
mammalian dendrites. Reconstitution assays with recombinant KIF21B and engineered
microtubule bundles or extracted neuronal cytoskeletons indicate that nucleotideindependent microtubule binding regions of KIF21B modulate microtubule dynamics and
promote directional switching on antiparallel microtubules. Optogenetic recruitment of
KIF21B to organelles in live neurons resulted in unidirectional transport in axons but bidirectional transport with a net retrograde bias in dendrites; microtubule dynamics and
the secondary microtubule binding regions are required for this net directional bias. We
propose a model in which cargo-bound KIF21B motors coordinate nucleotide-sensitive
and insensitive microtubule binding sites to achieve net retrograde movement along the
dynamic mixed polarity microtubule arrays of dendrites.
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II. Introduction
Kinesins comprise a large superfamily of cytoskeletal motors that power transport
in a polarized manner along microtubules (MTs) (B. J. Schnapp & Reese, 1989; Ronald
D. Vale et al., 1985). Kinesin directionality is controlled by the organization of structurally
polarized MT tracks (Erickson, 1974; R. Ludueña et al., 1977). Most kinesins move
toward the more dynamic plus-ends of MTs, resulting in net outward, or anterograde,
transport of cargos in cells with radially arrayed MTs. The mechanism of directional
transport is more complicated in cell types in which the cytoskeleton is organized with
mixed polarity (Muroyama & Lechler, 2017; Sanchez & Feldman, 2017). In mammalian
neurons, MTs are organized with their plus-ends out within the soma and axon, but are
oriented with mixed polarity in the dendrites (Baas et al., 1988; Heidemann & McIntosh,
1980). Intriguingly, the plus-end directed kinesin-4 KIF21B motor is associated with
cargos moving predominantly in the retrograde direction in dendrites, despite the mixed
polarity (Ghiretti et al., 2016). However, whether KIF21B is primarily responsible for
retrograde directed motility and the mechanism by which KIF21B achieves this
retrograde directionality is not known.
KIF21B is expressed in a variety of tissues (Marszalek et al., 1999) including the
brain, where mutations are associated with developmental disorders (Asselin et al.,
2020). In neurons, KIF21B localizes mainly to dendrites (Marszalek et al., 1999),
although accumulating data suggest that KIF21B is important for cargo transport and the
regulation of MT organization in both axons and dendrites (Asselin et al., 2020;
Morikawa et al., 2018; Muhia et al., 2016). Mutations in KIF21B impede axon growth and
branching, resulting in abnormalities in brain development and connectivity (Asselin et
al., 2020), while the dendrites of neurons lacking KIF21B are less complex and exhibit
86

tighter packing of MTs (Morikawa et al., 2018; Muhia et al., 2016). At the cellular level,
KIF21B is involved in the endocytic recycling of NMDA receptors (Gromova et al., 2018),
delivery of GABAA γ2-subunits (Labonté et al., 2014) to the cell periphery, and the
retrograde transport of TrkB-BDNF cargos (Ghiretti et al., 2016). Consistent with these
roles in both cargo transport and MT organization, KIF21B-knockout mice display deficits
in learning and memory (Muhia et al., 2016).
KIF21B interacts with MTs via a canonical N-terminal motor domain and
secondary MT binding regions (MTRs) within the coiled-coil stalk and WD40 tail domains
(Ghiretti et al., 2016; van Riel et al., 2017). Dimeric motor domain constructs lacking the
C-terminal MTRs move processively toward the MT plus-end while the MTRs bind to
MTs independently of the motor domain (Ghiretti et al., 2016; van Riel et al., 2017). The
MTRs have been shown to dampen or pause MT dynamics (Ghiretti et al., 2016;
Hooikaas et al., 2020; van Riel et al., 2017), but the magnitude of these effects differs
depending on experimental conditions. A possible role for the MTRs in controlling
directionality and processivity of cargo trafficking has not been explored.
In this study, we investigated how KIF21B motors establish long-range transport
on mixed polarity MT networks. We started by examining KIF21B in simple in vitro
systems, followed by in vitro reconstitution assays with added complexity, and finally live
cell experiments using optogenetic motor recruitment to understand how KIF21B activity
produces a net retrograde bias in neuronal dendrites. Consistent with a role in
remodeling the MT cytoskeleton, recombinant KIF21B motors with intact MTRs
stabilized MTs and promoted MT assembly at low nanomolar concentrations. The MTRs
of KIF21B promoted track switching and long-distance transport on engineered
antiparallel MT bundles in vitro; run length and directional switching were further
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enhanced by motor oligomerization. KIF21B motors were found to switch between
anterograde and retrograde movement on stabilized native dendritic MT arrays prepared
by cell extraction, but did not display the directional bias seen by KIF21B in live cells.
These observations suggest that reconstitution of a directional bias requires MT
remodeling by KIF21B motors, and thus would only be observed in motility along
dynamic MT arrays. Using optogenetics to acutely recruit KIF21B to peroxisomes in live
neurons, we found that KIF21B-bound cargos moved unidirectionally in axons but
switched between anterograde and retrograde movement within dendrites; surprisingly,
KIF21B recruitment induced net retrograde movement. We tested the requirements for
native MT dynamics and the MTRs of KIF21B in live cell experiments, and found that
both were required to achieve a net retrograde bias for the motility of dendritic cargos.
Together these results suggest a mechanism where KIF21B teams bound to dendritic
cargos coordinate both motor domains and MTRs to regulate MT dynamics and promote
track switching to achieve long distance retrograde transport.
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III. Results
Recombinant KIF21B motors stabilize MTs and promote MT assembly. Live cell
studies in neurons and T-cells indicate that KIF21B is involved in stabilizing MTs
(Ghiretti et al., 2016; Hooikaas et al., 2020). However, in vitro experiments testing the
effect of KIF21B on MT dynamics have produced different results depending on assay
conditions (Ghiretti et al., 2016; van Riel et al., 2017). At low ionic strength and high
motor concentrations, KIF21B increased MT dynamics by promoting faster growth
speeds and catastrophe frequencies (Ghiretti et al., 2016). In contrast, experiments
performed in higher ionic strength buffer in the presence of the end-binding protein EB3,
resulted in the accumulation of KIF21B at the MT plus-ends and pronounced pausing of
growth and shortening (van Riel et al., 2017). Given these differing results, our goal was
to understand how KIF21B influences MT dynamics in a physiologically relevant system.
Here, we used Total Internal Reflection Fluorescence (TIRF) Microscopy and
engineered system of single dynamic MTs to determine the ability of KIF21B motors to
alter MT dynamics over a physiological range of motor concentrations (5 - 25 nM; Kim et
al., 2014; Martens et al., 2006), in assays performed at physiological ionic strength. We
compared the growth behavior of dynamic MT plus-ends in the absence or presence of
Halo tagged full-length KIF21B (KIF21B-FL-Halo) or motor domain truncated KIF21B
(KIF21B-MD-Halo) motors (Figure 3.1A-E and 3.1.S1). The average MT growth rate
decreased with increasing concentrations of either KIF21B-FL-Halo or KIF21B-MD-Halo
(Figure 3.1F), although the magnitude of the effect was more pronounced in experiments
with KIF21B-FL-Halo. Increasing concentrations of KIF21B-FL-Halo also induced a
significant decrease in the catastrophe frequency, which was reduced to almost zero at
KIF21B-FL-Halo concentrations above 5 nM. In contrast, addition of KIF21B-MD-Halo
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had no significant effect on the catastrophe frequency over all concentrations tested
(Figure 3.1G). Of note, the motor domain of kinesin-1 (K560-Halo), known to stabilize
MTs (Katsuki et al., 2014; Marceiller et al., 2005; Peet et al., 2018; Reuther et al., 2016)
also suppressed the catastrophe frequency, but only at higher motor concentrations (≥
25 nM); Figure 3.1.S2). These results indicate that the KIF21B motor domain is sufficient
to modulate MT dynamics, but inclusion of the C-terminal MTRs further enhances MT
stabilization.
Differences with previous work (Ghiretti et al., 2016) likely result from improved
motor preparations, lower motor concentrations, and use of higher ionic strength buffers
that reduce the formation of KIF21B multimers and more closely model physiological
conditions. We did not observe the prolonged attachment of KIF21B motors to dynamic
MT plus-ends reported by van Riel et al. (2017), who performed experiments in the
presence of mCherry-EB3. This suggests that both the reduction in MT growth rate and
the decreased catastrophe frequency induced by full-length KIF21B may be mediated by
a stabilization of the MT lattice, rather than a specific stabilization at dynamic MT plusends.
In our TIRF experiments, in addition to the dampened MT dynamics induced by
KIF21B, we observed that new MTs emerged over time at 50 nM KIF21B-FL-Halo, which
may be due to nucleation of new filaments. To determine if KIF21B motors promote the
assembly of new MTs, we examined the effects of KIF21B on MT polymerization in the
absence of preformed MT seeds. The addition of either buffer alone or KIF21B-MD-Halo
was not sufficient to nucleate MTs, as assessed by TIRF microscopy and light scattering
(Figure 3.1H-M and S.1.S3). However, addition of KIF21B-FL-Halo resulted in the robust
formation of MTs over 10 min (Figure 3.1I), similar to the assembly induced by addition
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of K560-Halo (Figure 3.1.S2F). The rate and extent of MT growth in the presence of
KIF21B-FL-Halo, as assessed by turbidity, were similar in the presence of MgATP or
MgADP (Figure 3.1.1L and 3.1.S3D and G). Because the addition of MgADP weakens
the interaction between kinesin motor domains and MTs (Crevel et al., 1996), but does
not inhibit nucleation in our assays, these results suggest that the MTRs promote MT
assembly. Collectively, the effects on MT growth rate, catastrophe frequency, and
induction of assembly induced by full-length KIF21B lead to a net stabilization of MT
growth at physiologically relevant concentrations of KIF21B, estimated to be 5 - 25 nM
by mass spectrometry (M.-S. Kim et al., 2014; Martens et al., 2006).
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Figure 3.1. KIF21B motors stabilize MT dynamics and promote MT assembly.
A) Motor constructs used for single molecule experiments. B) Kymograph plots showing
dynamic MTs polymerizing from stabilized MT seeds in the absence or presence of
KIF21B-FL-Halo or KIF21B-MD-Halo motors. Scale bars: 10 µm (horizontal) and 30 s
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(vertical). C-E) Average MT plus-end growth distances. Ten kymographs were averaged
for each condition. N = 3 independent experiments. F) MT plus-end growth rates in the
presence of increasing concentrations of KIF21B-FL-Halo or KIF21B-MD-Halo motors.
Plotted are means and standard deviations. Kruskal–Wallis one-way ANOVA and
Dunn’s multiple comparison (n.s. p > 0.05; *p < 0.05; ***p < 0.001; ****p < 0.0001). Data
from 54-94 MTs and N = 3-6 independent experiments. G) MT plus-end catastrophe
frequency in the presence of increasing concentrations of KIF21B-FL-Halo or KIF21BMD-Halo motors. Plotted are means and standard deviations. Kruskal–Wallis one-way
ANOVA and Dunn’s multiple comparison (****p < 0.0001). Data from 54-94 MTs and N =
3-6 independent experiments. H-J) TIRF microscopy images showing MT formation from
free tubulin dimers incubated in the absence or presence of 50 nM KIF21B-FL-Halo or
KIF21B-MD-Halo. Images were taken 10 min after solutions were introduced into flow
chambers. Scale bar: 10 µm. K-M) Averaged light scattering traces for solutions
containing buffer, Taxol, or 50 nM KIF21B-FL-Halo or KIF21B-MD-Halo motors with 1
mM ATP or 1 mM ADP. Means were compared with Kruskal–Wallis one-way ANOVA
and Dunn’s multiple comparison (Buffer - Taxol ****p < 0.0001; Buffer – KIF21B-FL-Halo
****p < 0.0001; KIF21B-FL-Halo ATP – KIF21B-FL-Halo ADP n.s. p > 0.05; Buffer –
KIF21B-MD-Halo n.s. p > 0.05; KIF21B-MD-Halo ATP – KIF21B-MD-Halo ADP n.s. p >
0.05). Data from 7-22 traces from N = 5 independent experiments. Graphs show mean
values for each time point. See Figure S2 for graphs with standard deviations.
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Figure 3.1.S1. Western blot analysis of recombinant proteins.
Revert 700 Total Protein Stain of purified kinesin proteins. 10 μL of 1-2 µM protein was
loaded per lane.
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Figure 3.1.S2. K560 motors stabilize MT dynamics and promote MT assembly.
A) Kymographs showing dynamic MTs polymerizing from stabilized MT seeds in the
absence or presence of K560-Halo. Plot for the no motor condition was repeated from
figure 1 for comparison. Scale bars: 10 µm (horizontal) and 30 s (vertical). B) Average
MT plus-end growth trace. For each condition 10 MT plus-end trajectories were
averaged. C) MT plus-end growth speed in the presence of increasing concentrations of
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K560-Halo. Plotted are means and standard deviations. Kruskal–Wallis one-way ANOVA
and Dunn’s multiple comparison (n.s. p > 0.05; ****p < 0.0001). D) MT plus-end
catastrophe frequency in the presence of increasing concentrations of K560-GFP.
Plotted are mean and standard deviations. Kruskal–Wallis one-way ANOVA and Dunn’s
multiple comparison (*p < 0.05; ****p < 0.0001). E-F) TIRF microscopy images of free
tubulin dimers incubated in the absence or presence of 50 nM K560-Halo. Images were
taken 10 min after solutions were added and incubated in flow chambers. Scale bar: 10
µm. G-H) Light scattering traces for solutions containing buffer, MT polymerizing and
depolymerizing drugs, 50 nM K560-Halo with 1 mM ATP or 1 mM ADP. Graphs show
mean values for each time point (See Figure S3 for graphs with standard deviations).
Means were compared with Kruskal–Wallis one-way ANOVA and Dunn’s multiple
comparison. (Buffer – K560-Halo ****p < 0.0001; K560-Halo ATP – K560-Halo ADP ****p
< 0.0001). Data from 7-18 traces from N = 5 independent experiments. Unless otherwise
indicated, data from 51-74 MTs and N = 4-5 independent experiments.

96

Figure 3.1.S3. KIF21B C-terminal MTRs promote MT assembly.
Light scattering traces for solutions containing buffer, MT polymerizing and
depolymerizing drugs, or kinesin motors with 1 mM ATP or 1 mM ADP. Graphs show
mean values and standard deviations for each time point. Means were compared with
Kruskal–Wallis one-way ANOVA and Dunn’s multiple comparison. Data from 7-22 traces
from N = 5 independent experiments.

Reconstitution of motor switching on engineered parallel and antiparallel MT
bundles. Since KIF21B motors can effectively navigate the antiparallel MT arrays
97

characteristic of dendrites in mammalian neurons (Ghiretti et al., 2016), we wanted to
test if the relative orientation of MTs within MT bundles affects the motile properties of
KIF21B. As KIF21B-FL motors modulate MT dynamics (Figure 3.1), we reconstituted
parallel and antiparallel arrays of dynamic MTs (Figure 3.2A). The majority of the
bundles were composed of two aligned MTs, oriented either parallel or antiparallel to
one another, as evaluated by kymograph analysis of MT plus-end dynamics and
fluorescence intensity measurements over time (Figure 3.2A and Video S9-11).
We compared the motility of purified recombinant KIF21B-FL-Halo or -MD-Halo
motors (Figure 1A) on single MTs and MT bundles organized in either parallel or
antiparallel orientations, as assessed by monitoring the differing assembly and
disassembly dynamics characteristic of MT plus- and minus-ends (Figure 3.2A-D, Video
S9-11). We focused on analyzing only motor particles whose intensity was consistent
with single molecules, of which ~ 50% were fully labeled. Both the full-length and motor
domain constructs moved uniformly in the plus-end direction on single MTs (Figure
3.2B). We observed robust unidirectional movement on parallel MT bundles (Figure 3.2B
and C), and robust bi-directional movement on antiparallel MT bundles (Figure 3.2B and
C). Both KIF21B-FL-Halo and -MD-Halo motors moved with similar average speeds
along the three MT arrangements (Figure 3.2.S1A and B). However, KIF21B-MD-Halo
displayed shorter run distances than full-length KIF21B-FL-Halo, regardless of the MT
arrangement (Figure 3.2E and F). The run distance of KIF21B-FL-Halo was slightly, but
significantly, longer on parallel MT bundles compared to single MTs, while the run
distance of KIF21B-MD-Halo was not affected by MT track type. Strikingly, both KIF21BFL-Halo and -MD-Halo motors exhibited track switching within antiparallel bundles
(Figure 3.2B zoom-in). Switching was more frequent for the full-length construct,
98

measured as either total events observed (Figure 3.2H) or number of switches per
distance traveled (Figure 3.2.S1C).
In the cell, cargos are likely to be transported by more than one kinesin motor
(Gross et al., 2007; Holzbaur & Goldman, 2010). Multimerization of KIF21B may also
have been observed by van Riel et al., (2017), where KIF21B motor complexes formed
at the plus-ends of growing MTs. To test the effects of motor multimerization on motility
and track switching, we introduced purified KIF21B-FL-Halo motors into low ionic
strength buffer (12 mM PIPES, pH 6.8), which induced multimer formation. We used
single molecule photobleaching to calibrate the relationship between fluorescence
intensity and the number of molecules in a cluster (Figure 3.2.S2A) and used this
calibration to distinguish between single molecules and multimers (estimated to be 2-3
motors) (Figure 3.2.S2B). KIF21B-FL-Halo multimers and single molecules displayed
similar velocities on all MT arrays (Figure 3.2.S2D), but multimers moved longer
distances than single molecules regardless of the type of MT arrangement (Figure
3.2G). Run distances positively correlated with intensity while velocity did not correlate
with intensity, suggesting that formation of motor teams leads to improved run distances
with no effect on velocity (Figure 3.2.S3A and B).
KIF21B-FL-Halo multimers switched tracks significantly more frequently per run
than single molecules of KIF21B-FL-Halo (Figure 3.2I); multimeric motors also switched
tracks more frequently per unit distance than single molecules (Figure 3.2.S2E). In
addition, we observed a correlation between the number of track switches per distance
traveled and the intensity of the oligomer (Figure 3.2.S3C). Collectively these results
indicate that the MTRs in the C-terminal of KIF21B enhance both processivity and track
switching, while motor multimerization further contributes to both of these parameters.
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Figure 3.2. Motor multimerization and KIF21B MTRs improve motor processivity
and track switching
A) Schematic of in vitro single molecule assays. Dynamic MTs were grown from surfaceimmobilized GMPCPP MT seeds. Some MTs remain isolated in space as they grow,
100

while others overlap in parallel or antiparallel orientations with neighboring MTs.
Kymographs show growing dynamic MT ends over time for each type of MT
arrangement. Dynamic MT plus-ends are indicated (+). KIF21B dimers or multimeric
complexes contact MT lattices with their N-terminal motor domains, as well as MTRs
within their C-terminal tails. Motor domains were labeled with TMR Halo ligands (cyan
dot). Scale bars: 5 µm (horizontal) and 1 min (vertical). B-D) Kymograph plots of
KIF21B-FL-Halo, KIF21B-MD-Halo and KIF21B-FL-Halo motility in low ionic strength
buffering system along single MTs or parallel and antiparallel MT bundles. Zoom-in
image highlights track switches observed on antiparallel MTs (indicated with white * in
expanded images). Track switches were defined as a reversal in run direction exceeding
3 pixels. Scale bars: 5 µm (horizontal) and 20 s (vertical). Zoom-in scale bars: 2.5 µm
(horizontal) and 5 s (vertical). E-G) Cumulative distribution of total distance motor
traveled along different MT arrays. Data points were fitted by a single exponential decay
function. Differences in run distances can be more clearly seen in insets. Average
distance traveled, as calculated by taking the inverse of the rate constant, and standard
deviations are shown in the legends. Kruskal–Wallis one-way ANOVA and Dunn’s
multiple comparison (n.s. p > 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001). H and I)
Frequency of track switches for single KIF21B-FL-Halo and -MD-Halo motor runs or
single and multimeric KIF21B-FL-Halo motor run along antiparallel MTs. Two-tailed
Mann-Whitney (***p < 0.001; ****p < 0.0001). Data for single molecule KIF21B-FL-Halo
and KIF21B-MD-Halo from 400-1069 motor runs from n = 20-60 MTs and N = 6-7
independent experiments. Data for single and multimeric KIF21B-FL-Halo from 54-174
motor runs from n = 11-12 MTs and N = 4 independent experiments.
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Figure 3.2.S1. KIF21B MTBs promote track switching, but do not affect motor
velocity.
A and B) Histogram of velocities of single KIF21B-FL-Halo and KIF21B-MD-Halo
molecules along single MTs or MT bundles. Data points were fitted by a gaussian
function. Listed are the means and standard deviations. Ordinary one-way ANOVA (**p
< 0.01; ***p < 0.001; ****p < 0.0001). C) Histogram of the number of track switches per
distance traveled along antiparallel MTs for KIF21B-FL-Halo and KIF21B-MD-Halo
motors. Two-tailed Mann-Whitney (****p < 0.0001). Data from 400-1069 motor runs from
n = 20-60 MTs and N = 6-7 independent experiments.
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Figure 3.2.S2. Calibration of single molecule and multimer intensity threshold and
velocity quantification for purified KIF21B motors in low ionic strength conditions.
A) Example intensity profiles for TMR Halo ligand quenching on KIF21B-FL-Halo motors.
Black traces indicate quenching of one TMR dye and gray traces indicate quenching of
four TMR molecules. Dashed black line represents average background intensity (2,632
A.U.). B) Maximum intensity distribution of KIF21B spots versus distributions
representing increasing TMR dye number. The threshold separation between 2 and 3
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TMR molecules is indicated with the black dashed line (3,343 A.U.). Plotted are
individual values in color and means in solid black lines and 25th and 75th quartiles in
dotted black lines. Data from 2-83 motor runs from n = 20 MTs and N = 1 independent
experiment. C) Maximum intensity distribution of KIF21B particles moving on different
MT types. The threshold for single molecule intensity is indicated with the black dashed
line (10,117 A.U.). Plotted are individual values in color and means in solid black lines
and 25th and 75th quartiles in dotted black lines. Ordinary one-way ANOVA (*p < 0.05).
Data from 54-174 motor runs from n = 11-12 MTs and N = 4 independent experiments,
unless otherwise stated. D) Histogram of velocities of single molecule and multimeric
KIF21B-FL-Halo motors along single MTs or MT bundles. Data points were fitted by a
gaussian function. Listed are the means and standard deviations. Ordinary one-way
ANOVA (n.s. > 0.05). E) Histogram of the number of track switches per distance traveled
along antiparallel MTs for single molecule and multimeric KIF21B-FL-Halo motors. Twotailed Mann-Whitney (***p < 0.001). Unless otherwise stated, data for single and
multimeric KIF21B-FL-Halo from 54-174 motor runs from n = 11-12 MTs and N = 4
independent experiments.
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Figure 3.2.S3. KIF21B motor intensity is positively correlated with run distance
and track switching, and not correlated with velocity.
A) Scatter plot of maximum motor intensity versus run distance. Plotted is a linear
regression line for KIF21B-FL-Halo motors. Black dashed line indicates intensity
threshold for single molecules. F test (****p < 0.0001). B) Scatter plot of maximum motor
intensity versus velocity. Plotted is a linear regression line for KIF21B-FL-Halo motor
spots. Black dashed line indicates intensity threshold for single molecules. F test (n.s. p
> 0.05). C) Scatter plot of maximum motor intensity versus switches per run distance.
Plotted is a linear regression line for KIF21B-FL-Halo spots. Black dashed line indicates
intensity threshold for single molecules. F test (** p < 0.01). Data from 54-174 motor runs
from n = 11-12 MTs and N = 4 independent experiments.
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Quantitative mapping of the dendritic MT network. We observed that bundles of only
two MTs are sufficient to influence KIF21B motility. How does this scale to bundles of
MTs organized into larger arrays, such as found in dendrites? Live cell imaging studies
suggest that KIF21B drives endogenous cargos with a net retrograde bias in dendrites
(Ghiretti et al., 2016), a puzzling finding for a plus-end directed motor moving along an
array in which the majority (~ 60%; Ayloo et al., 2017) of MTs are oriented with their
plus-ends outward. A recent model proposed by Kapitein and colleagues (Tas et al.,
2017) suggests that the dendritic MT network is composed of distinct unipolar MT
bundles, and that these bundles are marked by specific post-translational modifications
(PTMs) of the tubulin cytoskeleton. Tas et al., (2017) proposed that MT motors
recognize this code, preferentially binding to and moving along selected MT populations
to drive long-range transport in a specific direction. Does the MT code present in
dendrites bias KIF21B motors to move in the retrograde direction?
To determine if the native MT arrays in dendrites can bias motors toward
movement in the retrograde direction, we used motor-PAINT with rat hippocampal
neurons (Brawley & Rock, 2009; Tas et al., 2017), which allows super-resolution tracking
of single-motors interacting with the cytoskeleton of fixed permeabilized cells. We used
immunocytochemistry to compare the ratios of tyrosinated and acetylated tubulin
intensities in axons and dendrites on extracted arrays compared to permeabilized
neurons and found no significant differences (Figure 3.3.S1), indicating that these tubulin
PTMs are preserved after extraction.
To extend the previous work of Tas et al., (2017) and generate a more
quantitative map of the MT network within hippocampal dendrites, we used TIRF
microscopy to track individual processive runs of K560-GFP (Figure 3.1A) along native
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MT arrays extracted from axons and dendrites (Figure 3.3A and B, Video S12 and S13),
with the assumption that this motor provides a non-biased readout of MT orientation.
The resulting videos demonstrate the expected pattern of primarily unidirectional motility
along axons and more bi-directional motility along dendrites, but the density of the native
MT arrays makes unambiguous run detection more challenging. To more rigorously map
the runs, we used an automated single particle segmentation and tracking program
called Cega that we developed to track moving particles within a noisy environment
(Masucci, Relich et al., 2020; see Methods). Due to the crossing of individual motor runs
in both axons and dendrites, complete tracks could not be reliably determined. Instead,
individual track segments from single motors connected frame-by-frame from motor
movement captured every 0.2 s for 2 min were identified and used to construct a
quantitative map of MT organization and polarity.
Cega analysis demonstrates that K560-GFP motors moved along axonal MT
arrays with > 90% of the tracks in the anterograde direction (Figure 3.3A and C, Video
S12). On dendritic MT arrays, K560-GFP motors moved bi-directionally (Figure 3.3B and
D, Video S13), but strikingly, some regions showed preferred directionality as indicated
by blue shading in Figure 3.3.1D; this local heterogeneity in MT organization is also
apparent from the smoothed trend line that shows the average track direction within 2
µm (compare the trend lines from axons and dendrites in Figure 3.3C and D). In contrast
to the localized differences in MT orientation, pauses were randomly distributed
throughout both axons and dendrites (Figure 3.3E and F and 3.3.S2).
To investigate the spatial relationship of adjacent MT tracks, we measured the distance
between anterograde moving track segments and their nearest neighboring (NN) track
segment or nearest neighboring opposing (NNO) retrograde track segment in both
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axons and dendrites (Figure 3.3G). The distance between NN track segments in axons
was significantly shorter than that of dendrites, consistent with tighter MT spacing in
axons (J. Chen et al., 1992). If the dendritic MTs were homogenously mixed in
orientation, then the distance between the anterograde track segments and their NN and
NNO track segment should be similar. However, in both axons and dendrites, the
distance between NN track segments was much shorter than that of NNO track
segments. In axons, this is likely due to the very small number of MTs oriented with plus
ends towards the soma (Baas et al., 1988). In dendrites, the increased NNO as
compared to NN distance provides quantitative support for the model proposed by Tas
et al. (2017) which suggests that MTs are locally organized in bundles with similar
polarities, creating regions where similar oriented MTs are located close together and
those of opposite orientation are spatially removed. Further, our observations indicate
that MT orientation in mammalian dendrites is distributed heterogeneously along the
lengths of each process.
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Figure 3.3. Dendritic MTs are distributed heterogeneously.
A and B) Single particle motor track segments from a single TIRF movie. Light purple
lines indicate bounds of axonal or dendritic process. Segments moving to the right
(anterograde) are plotted in magenta, those moving to the left (retrograde) are cyan, and
paused spots are shown in yellow. Zoom-in images show the separation between tracks.
Scale bar: 5 µm. Zoom-in scale bar: 1 µm. C and D) Percentage of anterograde track
segments across the long axis of the axon and dendrite shown in A and B. Shaded blue
areas indicate regions where the percentage of anterograde segments is above or below
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50% in the dendritic process. Black lines show smoothed trendline over 2 µm window. E
and F) Number of paused track segments located across the long axis of the axon and
dendrite shown in A and B. Black lines show smoothed trendline over 2 µm window. G)
Schematic of nearest neighbor (NN) track and nearest opposing neighbor (NNO) track,
and cumulative distribution of the distance between each anterograde moving track
segment and its NN moving in any direction or NNO moving in the opposite direction in
both axons and dendrites. A single exponential decay function was fit to the data. Listed
are the average distance traveled, as calculated by taking the inverse of the rate
constant. Kruskal–Wallis one-way ANOVA and Dunn’s multiple comparison (****p <
0.0001). Unless otherwise indicated, data from 59-80 processes from n = 49-50 neurons
and N = 4 independent experiments.
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Figure 3.3.S1. Tubulin PTMs are maintained on extracted MT arrays from cultured
hippocampal neurons.
A) Representative widefield images of fixed or extracted hippocampal neurons stained
for tyrosinated and acetylated tubulin. Brightness and contrast levels are adjusted
differently for each image. Scale bars: 50 µm. B) Average intensity values for secondary
antibodies indicating tyrosinated (Tyr) and acetylated (Ace) tubulin. Values were
averaged along axons (A) and dendrites (D) for fixed (F) and extracted (E) neurons. C)
Change in the average intensity values measured for secondary antibody signal along
extracted neuron MTs, calculated by dividing the average intensity signal measured
along extracted neuron axonal MTs or dendrites by that of fixed neuronal MTs. D) Ratio
of change in the average intensity signal of acetylated tubulin along neuronal MTs
111

relative to the change in tyrosinated tubulin signal, calculated by dividing the change in
average intensity signal along extracted versus fixed axonal and dendritic MTs by that of
the tyrosinated intensity signal. Data from 19-22 processes and 19-22 neurons from N =
3 independent experiment.

Figure 3.3.S2. Motor pausing along extracted dendritic MT arrays is not correlated
with track switches.
Correlation between number of pauses and change in percentage of retrograde
segments. Data was fitted with simple linear regression lines. F test (n.s. p > 0.05). Data
from 59-80 processes from n = 49-50 neurons and N = 4 independent experiments.

Recombinant KIF21B motors exhibit directional switches on extracted dendritic
MT arrays. To determine if the native MT code together with the native organization of
MTs in dendrites leads to a retrograde bias for KIF21B motility, we used the motorPAINT assay to observe the movement of KIF21B molecules in axons and dendrites
(Figure 3.4.1 and S9). We were able to directly compare the movement of either Alexa
Fluor 660-labeled KIF21B-FL-Halo or KIF21B-MD-Halo to K560-GFP (Figure 3.1A) by
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mixing the differentially labeled motors and simultaneously tracking their movement on
the same MT arrays (Figure 3.4A and B). Individual runs along extracted MT arrays were
tracked using Cega (Masucci, Relich et al., 2020). Kymographs generated for the
KIF21B constructs show that both the full-length and truncated motors have similar
directional patterns along axonal and dendritic MT arrays, and both closely resembled
the patterns seen with K560-GFP (Figure 3.4A and B). Again, we saw evidence for
regional heterogeneity in the organization of MTs in dendrites, with some kymographs
demonstrating motors moving in mainly one direction (Figure 3.4A “Bi-directional
motility” versus “Anterograde motility”), supporting the idea that the MTs are locally
organized into bundles with similarly oriented MTs (Tas et al., 2017).
Along axonal MT arrays, > 90% of all motors tested moved in anterograde
direction, while ~ 60% moved in the anterograde direction on dendritic MTs (Figure 3.4C
and D). The standard deviations of directional segments in dendrites for all three motors
were much larger than observed in axons, again consistent with local variability in MT
organization along the length of the dendrite. We found no difference in direction of
movement between K560-GFP and KIF21B-FL-Halo or KIF21B-MD-Halo in axons and
dendrites (Figure 3.4C-F). We further compared the percent anterograde direction of
KIF21B-FL-Halo and KIF21B-MD-Halo motors in dendrites to 60%, since this is the
direction of motility expected from the 60% plus-end out MT polarity measured by K560GFP motors, and measured no significant difference. This comparison suggests that
native, stabilized dendritic MT arrays do not bias KIF21B motors to move in the
retrograde direction.
Our preparations of purified K560-GFP, KIF21B-FL-Halo, and KIF21B-MD-Halo
motors produced mainly single, two-headed motor proteins, as assessed by controlled
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photobleaching of processing motors in motility assays (Figure 3.2.S2A and B).
However, ~ 40% of the population of KIF21B-FL-Halo motors were multimers, as
determined by fluorescence intensity measurements. We took advantage of this
multimerization to test the idea that multiple motors are needed to confer retrograde bias
to KIF21B. We compared the percentage of anterograde segments for each process for
all motors to that of the brightest 25% or 5% of moving motors and found no significant
difference between these groups and no significant difference against the 60% expected
motility direction (Figure 3.4C and D). We further quantified the ratio of the percentage of
anterograde track segments of KIF21B motors compared to K560-GFP motors for each
process, and found that the ratio of KIF21B to K560-GFP segments was about 1 (Figure
3.4E and F), regardless of the motor brightness, suggesting that motor multimerization
does not contribute to directional bias in motility along extracted neuronal MT
cytoskeletons.
In dendrites but not axons, we observed pronounced directional switching by
KIF21B-FL-Halo. We measured the frequency of motor runs that switched direction of
movement along dendritic and axonal MT arrays, and observed that KIF21B-FL-Halo
switched tracks more frequently than K560-GFP along the same dendritic MT tracks
(Figure 3.4G). In contrast, KIF21B-MD-Halo and K560-GFP switched tracks at a similar
rate (Figure 3.4H). These results suggest that the MTRs in the C-terminal tail of KIF21B
enhance track switching along dendritic MT bundles with native organization and
spacing.
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Figure 3.4.1. KIF21B motors do not move with a directional bias on extracted
dendritic MT arrays.
A and B) Kymographs of motor motility along axonal or dendritic MTs for K560-GFP and
KIF21B-FL-Halo or KIF21B-MD-Halo motors moving on the same MTs. Colored bars in
Figure 4A indicate regions of the dendrite where motors move bi-directionally, and
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regions where motors move primarily in one direction (anterograde motility). Scale bars:
10 µm (horizontal) and 10 s (vertical). C and D) Percentage of track segments moving in
the anterograde direction in axons and dendrites. Plotted are individual values in color
and means in solid black lines and 25th and 75th quartiles in dotted black lines. Kruskal–
Wallis one-way ANOVA and Dunn’s multiple comparison (n.s. p > 0.05). E and F) Ratio
of the percentage of KIF21B-FL-Halo or KIF21B-MD-Halo anterograde track segments
to the percentage of K560-GFP anterograde tracks along the same axonal and dendritic
arrays. Plotted are individual values in color and means in solid black lines and 25th and
75th quartiles in dotted black lines. G and H) Frequency of motors switching direction of
movement along axonal (A) and dendritic (D) MT arrays. Kruskal–Wallis one-way
ANOVA and Dunn’s multiple comparison (n.s. p > 0.05; **p < 0.01). Data from 24-42
processes from n = 21-28 neurons and N = 4 independent experiments.
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Figure 3.4.S1. Kinesin motility is affected by MT arrangement and motor
multimerization.
A-D) Cumulative distribution of total distance K560-GFP and KIF21B-FL-Halo or
KIF21B-MD-Halo motors traveled along extracted MT arrays in axons and dendrites.
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Data points were fitted by a single exponential decay function. Listed are the average
distance traveled, as calculated by taking the inverse of the rate constant, and standard
deviations. E-H) Histogram of velocities of motors along different MT bundles. Data
points were fitted by a gaussian function. Listed are the means and standard deviations.
Data from 24-42 processes from n = 21-28 neurons and N = 4 independent experiments.

Optogenetic recruitment of KIF21B induces retrograde trafficking of dendritic
cargos in live neurons. As the native MT code and cytoskeletal organization of
extracted dendrites was insufficient to establish a retrograde bias for KIF21B motors that
paralleled that observed in live cell assays (Ghiretti et al., 2016), we wondered whether
the key factor missing from our assay might be MT dynamics. Previous work (Ghiretti et
al., 2016; Hooikaas et al., 2020; van Riel et al., 2017) and our current studies indicate
that KIF21B has the ability to modulate MT dynamics both in vitro and in vivo. This
modulation may contribute to the establishment of a net retrograde bias for KIF21Bdriven cargos moving along mammalian dendrites as KIF21B could influence the
dynamics of specific populations of MTs oriented plus-end in over those oriented plusend out based on differences in stability. Because of this, active MT remodeling by
KIF21B could be required to generate retrograde biased motility observed in live cell
assays (Ghiretti et al., 2016).
To test this possibility, we used a previously validated optogenetic assay (Ayloo
et al., 2017) to determine how KIF21B motors perform when recruited to a non-native
cargo in axons and dendrites of live neurons, under cellular conditions with robust MT
dynamics (Figure 3.5A). Full-length KIF21B (KIF21B-FL) was recruited to peroxisomes,
a largely immobile cargo in hippocampal neurons, via the heterodimerization of DHFR118

fused motor and HaloTag (Halo)-fused peroxisome targeting sequence PEX3 in
response to the photo-induced uncaging of a small organic compound (CTH) (Ayloo et
al., 2017; Ballister et al., 2014, 2015; H. Zhang et al., 2017). The CTH was uncaged in
defined regions of the dendrites and axons of neurons expressing both peroxisome and
KIF21B constructs. Photoactivation induced the recruitment of mCherry-labeled KIF21B
to peroxisomes labeled with GFP (Figure 3.5B-C, Video S14 and S15) and induced the
processive motility of more than 60% of peroxisomes in axons and dendrites within ~ 28
s (Figure 3.5D, 3.6.S1).
In axons, > 85% KIF21B-bound peroxisomes moved in the anterograde direction,
consistent with the highly polarized nature of the axonal MT cytoskeleton (Figure 3.5E).
KIF21B-bound peroxisomes in dendrites moved bi-directionally (Figure 3.5E), with 58%
of the movement in the retrograde direction (Figure 3.5F). We compared the direction of
motor recruited peroxisomes to the ~ 60% plus-end out MT polarity measured in
dendrites (Ayloo et al., 2017), and found that the 42% of KIF21B-FL recruited
peroxisomes moved in the anterograde direction, which was significantly less than 60%,
consistent with a retrograde bias. Strikingly, the average velocities of KIF21B-induced
motion were significantly slower in dendrites than axons (Figure 3.5G), and the run
distances were significantly shorter (Figure 5H). In addition, moving peroxisomes
switched directions more frequently in dendrites than they did in axons (Figure 3.5I),
consistent with the different MT arrangements in the two compartments. Thus, the 58%
retrograde bias of KIF21B-induced motility observed in dendrites is the same as that
observed by KIF21B puncta and KIF21B associated Trk/BNDF cargo in live hippocampal
neurons (Ghiretti et al., 2016). In addition, this retrograde bias is remarkably similar to
that observed by recruitment of the minus end-directed dynein-dynactin motor complex,
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which induced retrograde trafficking of 60% of peroxisomes (Ayloo et al., 2017),
consistent with the net orientation of MTs.

Figure 3.5. Induced recruitment of KIF21B motors to peroxisome cargo in live
neurons promotes retrograde trafficking in dendrites.
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A) Diagram of motor constructs and experimental schematic for induced recruitment
experiments in live neurons. Dark red and pink lines and plus and minus signs indicate
MT orientation within arrays; antiparallel MT arrays in dendrites and parallel arrays in
axons. B and C) Time series and corresponding kymograph showing movement of
photoactivated (white box) peroxisomes in axons and dendrites. Green and red
arrowheads indicate the locations of photoactivated peroxisomes with successful
KIF21B recruitment in both the PEX3 and KIF21B fluorescence channel, respectively.
Black arrows on kymographs indicate regions of photoactivation. Yellow traces indicate
movement of the KIF21B recruited peroxisomes identified in the time series. Scale bars:
5 µm (horizontal) and 1 min (vertical). D) Percentage of peroxisomes that are motile in
axons and dendrites with and without photoactivation. Plotted are means and standard
deviations. Kruskal–Wallis one-way ANOVA and Dunn’s multiple comparison (n.s. p >
0.05; ****p < 0.0001). E) Percentage of peroxisome runs moving anterograde, retrograde
or bi-directionally for each axonal and dendritic process. Bi-directional (Bi-dir) movement
is characterized by peroxisomes that move more than 0.4 µm in both anterograde
(Antero) and retrograde (Retro) directions. Two-way ANOVA and Tukey multiple
comparison (n.s. p > 0.05; ****p < 0.0001). F) Percentage of total peroxisome run
distance per process moving in the anterograde direction. Plotted are individual values in
color, means in solid black line and 25th and 75th quartiles in dashed black lines. Twotailed Mann-Whitney test (****p < 0.0001). G) Histogram of velocities of motile
peroxisomes after photoactivation in axons and dendrites. Data points were fitted by a
gaussian function. Two-tailed Mann-Whitney test (****p < 0.0001). H) Histogram of un
distances of motile peroxisomes after photoactivation. Data points were fitted by a single
exponential decay function. Two-tailed Mann-Whitney test (****p < 0.0001). I) Histogram
121

of number of track switches per peroxisome run in axons and dendrites. Track switches
are characterized by a reversal in direction that exceeds 0.4 µm in both anterograde and
retrograde directions. Two-tailed Mann-Whitney test (****p < 0.0001). Data from 76-120
peroxisomes from n = 34-52 neurons and N = 6 independent experiments.

KIF21B recruited motors require both C-terminal MTRs and active MT dynamics to
achieve a retrograde bias in dendrites. As our in vitro studies highlight the importance
of the MBRs of KIF21B in regulating both motility and cytoskeletal remodeling, we asked
if the MTRs are important for retrograde trafficking within dendrites of live neurons, and
whether dynamic MT arrays are required for directionally biased motility. To determine if
the MTRs impart retrograde bias within dendrites, we used our optogenetic recruitment
assay to assess the direction and movement of full length (KIF21B-FL) and motor
domain truncated (KIF21B-MD) motors when recruited to immobile peroxisomes in both
axons and dendrites (Figure 3.5A). To investigate the role of MT dynamics, we used a
low concentration of nocodazole (100 nM), which has been shown to dampen MT
dynamics without net depolymerization (Guedes-Dias et al., 2019), in comparison to a
DMSO control to test if regulation of MT dynamics is important for KIF21B retrograde
bias. Recruitment of KIF21B motors to peroxisomes induced the processive motility of
53-76% of peroxisomes in axons and dendrites within 22-40 s, even in the presence of
nocodazole (Figure 3.6.S1A-F).
In axons, KIF21B-MD motors induced anterograde movement of > 95% of
peroxisomes, similar to that seen with recruitment of KIF21B-FL motors (Figure 3.6A and
C), even when MT dynamics were suppressed. However, in dendrites, removal of
KIF21B’s C-terminal tail or addition of nocodazole led to anterograde movement of 53122

57% of peroxisomes (Figure 3.6B and D), similar to that seen with recruitment of K560
motors (Ayloo et al., 2017). We did note substantial scatter in the data, likely due to
heterogeneity in MT polarity along the length of dendrites, as shown in Figure 3.4 above.
We compared the direction of motor recruited peroxisomes in all conditions to the
expected 60% plus-end out MT polarity measured in dendrites, which would induce 60%
anterograde motility (Figure 3.6D). The direction of movement of KIF21B-FL recruited
peroxisomes was significantly less than 60%, consistent with a retrograde bias. In
contrast, 53% of KIF21B-MD recruited peroxisomes moved in the anterograde direction
and did not show a similar retrograde bias. We also noted that when MT dynamics were
dampened with nocodazole, 57% of KIF21B-FL and 62% of KIF21B-MD recruited
peroxisomes moved in the anterograde direction, consistent with the 60% plus-end out
directionality of MTs, suggesting that both KIF21B MTRs and MT dynamics are
important for biasing movement in the retrograde direction.
There was no significant difference in the switching behavior of -FL or -MD
recruited peroxisomes in either axons or dendrites (Figure 3.6.S2A and B), even when
MT dynamics were dampened. The frequency of directional switches seen by
peroxisomes in vivo was greater than that seen in vitro on engineered MT bundles,
suggesting that the recruitment of multiple KIF21B motor domains on cargo allows for
robust track switching. In addition, recruitment of both KIF21B-FL and KIF21B-MD
motors to peroxisomes induced similar velocities and run lengths in the presence and
absence of nocodazole (Figure 3.6.S2C-F). However, both KIF21B-FL and KIF21B-MD
recruited cargos moved slower and less processively in dendrites than axons. Together,
these results suggest that the C-terminal domains of KIF21B and MT dynamics are
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important for imparting retrograde biased movement in dendrites, but these factors do
not dramatically affect the motility properties of KIF21B driven cargo transport.

Figure 3.6. KIF21B induced retrograde trafficking in dendrites requires C-terminal
tail domains and MT dynamics.
A and B) Percentage of peroxisomes moving anterograde, retrograde or bi-directionally
for individual axonal and dendritic processes. DMSO (D) or nocodazole (N) conditions
are indicated at the bottom of the graph. Bi-directional movement is characterized by
peroxisomes that move more than 0.4 µm in both anterograde and retrograde directions.
Kruskal–Wallis one-way ANOVA and Dunn’s multiple comparison (n.s. p > 0.05). C and
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D) Percentage of total peroxisome run distance per process moving in the anterograde
direction in both axons and dendrites. DMSO (D) or nocodazole (N) conditions are
indicated at the bottom of the graph. Plotted are individual values in color, means in solid
black line and 25th and 75th quartiles in dashed black lines. For comparison of
distributions we used Kruskal–Wallis one-way ANOVA and Dunn’s multiple comparison
(n.s. p > 0.05). In dendrites we used a one sample Wilcoxon test to compare
distributions against theoretical mean (60%). Significance is listed in color to the right
side of the graph (n.s. p > 0.05; ***p < 0.001). Data from 37-120 peroxisomes from n =
18-52 neurons and N = 3-6 independent experiments.
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Figure 3.6.S1. Induced recruitment of KIF21B motors to peroxisome cargo in live
neurons promotes cargo movement.
A) Histogram of KIF21B-FL recruited peroxisome diameter measured along axis of
axons or dendrites that move post photoactivation or remain stationary in DMSO
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conditions. Kruskal–Wallis one-way ANOVA and Dunn’s multiple comparison (n.s. p >
0.05; ***p < 0.001). Data from 40-51 peroxisomes from n = 16-23 neurons and N = 3
independent experiments. B and C) Percentage of peroxisomes that are motile in axons
and dendrites with and without photoactivation. Data for KIF21B-FL DMSO is repeated
here from Figure 5 for comparison and marked with gray shading. DMSO (D) or
nocodazole (N) conditions are indicated at the bottom of the graph. Plotted are means
and standard deviations. Kruskal–Wallis one-way ANOVA and Dunn’s multiple
comparison (n.s. p > 0.05; *p < 0.05; ***p < 0.001; ****p < 0.0001). D and E) Intensity of
mCherry signal on moving peroxisomes with recruitment of KIF21B-FL or -MD. DMSO
(D) or nocodazole (N) conditions are indicated at the bottom of the graph. Means and
standard deviations are plotted. Kruskal–Wallis one-way ANOVA and Dunn’s multiple
comparison (n.s. p > 0.05; ****p < 0.0001). F and G) Time taken by peroxisomes to
begin movement post photoactivation in axons and dendrites. Data for KIF21B-FL
DMSO is repeated here from Figure 5 for comparison and marked with gray shading.
DMSO (D) or nocodazole (N) conditions are indicated at the bottom of the graph. Means
and standard deviations are reported. Kruskal–Wallis one-way ANOVA and Dunn’s
multiple comparison (n.s. p > 0.05). Unless otherwise stated, data from 37-120
peroxisomes from n = 18-52 neurons and N = 3-6 independent experiments.
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Figure 3.6.S2. KIF21B induced retrograde trafficking in dendrites requires Cterminal tail domains and MT dynamics.
A and B) Histogram of the number of track switches per peroxisome run in axons and
dendrites. Motor and DMSO or nocodazole (Noc) conditions are indicated in the graph
legend. Track switches are characterized by a reversal in direction that exceeds 0.4 µm
in both anterograde and retrograde directions. Kruskal–Wallis one-way ANOVA and
Dunn’s multiple comparison (n.s. p > 0.05). C and D) Histogram of velocities of motile
peroxisomes after photoactivation in axons and dendrites. Motor and DMSO or
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nocodazole (Noc) conditions are indicated in the legend. Data points were fitted by a
gaussian function. Listed are the means and standard deviations for each condition.
Kruskal–Wallis one-way ANOVA and Dunn’s multiple comparison (n.s. p > 0.05). E and
F) Histogram of run distances of motile peroxisomes after photoactivation. Motor and
DMSO or nocodazole (Noc) conditions are indicated in the legend. Data points were
fitted by a single exponential decay function. Listed for each condition is the average
distance traveled, as calculated by taking the inverse of the rate constant, and standard
deviations. Kruskal–Wallis one-way ANOVA and Dunn’s multiple comparison (n.s. p >
0.05). Data for KIF21B-FL DMSO is repeated here from Figure 5 for comparison. Unless
otherwise stated, data from 37-120 peroxisomes from n = 18-52 neurons and N = 3-6
independent experiments.
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Figure 3.7. Model for KIF21B dendritic MT navigation.
Single KIF21B motors contact MTs using N-terminal motor domains and MTRs in their
C-terminal tails. Both single motors and motor teams contribute to stabilizing the
dynamics of bound MTs. Binding of KIF21B motor domains and C-terminal MT binding
sites stabilize the dynamics of bound MTs and increase the length of the GTP-tubulin
cap at the plus ends. Motors also switch tracks between MTs closely positioned within
arrays. The C-terminal tails of KIF21B promote track switching, and motor assembly
along cargos allows for efficient track switching. In a region of mixed MT polarity, single
motors move in both directions. However, KIF21B motors bound by cargos coordinate
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together to leverage track switching and regulation of MT dynamics to move long
distances with net retrograde motility.
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IV. Discussion
Most of our current motor trafficking knowledge comes from monitoring cargo
movement within simple radial and axonal MT arrays (Burute & Kapitein, 2019;
Nobutaka Hirokawa et al., 2010). Because of this, the motility properties of both kinesin
and dynein are best understood in assays with unipolar MT arrays. However, there are
many examples of cell types containing more complicated MT geometries on which
molecular motors navigate (Muroyama & Lechler, 2017; Sanchez & Feldman, 2017). For
example, kinesin and dynein motors function within the bipolar MT arrays of the mitotic
spindle of dividing cells, where they work to pull and slide apart MTs, regulate MT
dynamics, and transport materials and chromosomes to kinetochores and spindle poles
(Dwivedi & Sharma, 2018; J. R. McIntosh, 2016; Wordeman, 2010). However, it is
unclear how these motors establish directional movement along these antiparallel MT
structures.
The mixed MT polarity characteristic of mammalian dendrites represents a
similar challenge to understand how unidirectional motors can provide net long-range
movement of cargos in a polarized manner. Kinesin motors have evolved specific
properties to generate, maintain and navigate these complex arrays (Sweeney &
Holzbaur, 2018). Some kinesin motors contain MT binding domains, in addition to their
canonical motor domains, that have been implicated in sliding MTs against one another
as well as transporting MTs throughout the cell (Andrews et al., 1993; Fink et al., 2009;
Furuta & Toyoshima, 2008; Jolly et al., 2010; Navone et al., 1992; Reinemann et al.,
2017; Seeger & Rice, 2010). In addition, many kinesin motors are known to influence the
MT network by regulating MT dynamics and promoting MT assembly (Acharya et al.,
2013; Arellano-Santoyo et al., 2017; G.-Y. Chen et al., 2019; Gudimchuk et al., 2013;
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Trofimova et al., 2018). Neuronal motors likely have evolved specific properties to
control their directionality in dendrites.
Recent studies have advanced our understanding of the MT organization
differences within dendrites and axons (Cao et al., 2020; Cunha-Ferreira et al., 2018;
Liang et al., 2020; Sanchez & Feldman, 2017; Sánchez-Huertas et al., 2016; Wu &
Akhmanova, 2017). Initial measurements using the “hook” method showed that axons
contain uniform plus-end out oriented MTs, while only 52-57% of the MTs within
dendrites are oriented with their plus-ends extending away from the cell body (Baas et
al., 1988; Burton, 1988). Studies focused on dynamic MTs show that ~ 65% of dendritic
MTs are oriented plus-end out, as assessed by EB3 dynamics in live Purkinje neurons
(Kleele et al., 2014; Stepanova et al., 2003). Previous measurements of EB3 comets in
hippocampal neurons, at the same developmental stage as those used in this paper,
indicated that 64% of MTs in dendrites are oriented plus-end out (Ayloo et al., 2017).
The ~ 60% anterograde motility that was observed for K560 motors moving on stabilized
extracted dendritic MTs (Figure 3.4) is strikingly similar to the orientation of dynamic MTs
within dendrites measured through EB3 comets (Ayloo et al., 2017). A model proposed
by Kapitein and colleagues (Tas et al., 2017) suggests that the dendritic MT network is
composed of distinct unipolar MT bundles, and that these bundles are marked by
specific PTMs of the tubulin cytoskeleton. Using this same technique to track the
movement of K560 motors, we acquired a detailed map of MT orientation within the
dendrites of rat hippocampal neurons and found that MTs are organized
heterogeneously into regions characterized by bundles with uniform polarity (Figure 3.3).
The MT organization within axons and dendrites provides a clear way to differentiate
between the two compartments (Bentley & Banker, 2016; Gumy & Hoogenraad, 2018;
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Nirschl et al., 2017). However, the mixed MT organization present within dendrites sets
up problems for motors to move productively/efficiently within MT arrays.
KIF21B has been shown to move with net retrograde bias within the dendrites of
live neurons while affecting MT dynamics (Ghiretti et al., 2016; Muhia et al., 2016). The
in vitro assays reported here confirm that KIF21B strongly stabilizes MTs. We found that
at physiologically relevant motor concentrations and ionic strength, KIF21B slows growth
and potently suppresses catastrophe, leading to a net stabilization of the assembled MT
(Figure 3.1).
Using in vitro engineered MT bundles we observed that both motility and track
switching by KIF21B were enhanced by MT bundling. Motor multimerization also had a
robust effect on KIF21B run distance and track switching. KIF21B motors moving within
native extracted dendrite MT arrays showed the directional switching seen along
engineered MT bundles. Surprisingly, however, despite the pronounced track switching
observed on extracted cytoskeletal arrays, KIF21B exhibited no directional bias in
extracted dendritic MT arrays. In contrast, in live cells, acute recruitment of full-length
KIF21B motors to non-motile peroxisomes using optogenetics was sufficient to induce
both directional switching and active transport with a pronounced retrograde bias. These
observations suggest that track switching may be necessary but not sufficient to
establish a retrograde bias.
What controls KIF21B’s directional bias in dendrites? In live cells, KIF21B moved
cargos in a net retrograde direction, but the motors showed no directional bias on
extracted neuronal MT arrays. An important difference between the live cell and
extracted network assays is the presence of dynamic MTs in live cells. When MT
dynamics were dampened in dendrites of live neurons, the retrograde bias induced by
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KIF21B recruitment was eliminated. These results favor a model where modulation of
MT dynamics by KIF21B is necessary for retrograde bias of cargo transport. In live
neurons, KIF21B affects MT dynamics (Ghiretti et al., 2016; Muhia et al., 2016). In
agreement, we observed that KIF21B robustly inhibits MT dynamics and assembly in
vitro, which opens the possibility that this motor controls the remodeling of its own
tracks. This remodeling requires the C-terminal domains of KIF21B containing the
MTRs. Indeed, removal of the MTRs abolished retrograde biased cargo movement in
live dendrites, suggesting that the MT dynamic regulation effect of the C-terminal MTRs
is important for biasing retrograde biased movement. There is potential for this dynamic
regulation to be different for more stable acetylated MTs oriented plus-end in over more
dynamic tyrosinated MTs oriented plus-ed out due to differences in lattice stability
(Janke & Magiera, 2020; Kelliher et al., 2019; Park & Roll-Mecak, 2018; Tas et al.,
2017). In this case, KIF21B might differentiate between MT orientations by selectively
walking on more stable plus-end in MTs, resulting in net retrograde bias. The synergistic
combination of KIF21B-driven motility and modulation of MT dynamics may be
necessary to direct KIF21B bound cargos in a net retrograde direction.
An alternate possibility is that the net retrograde bias is due to KIF21B reading
the MT associated protein (MAP) code directly, rather than the PTM MT code.
Regulatory MAPs could be lost during extraction, and dampening MT dynamics with
nocodazole in live cell experiments could similarly affect MAP decoration. We did note
that both KIF21B and K560 motor run distances were shorter on native and extracted
dendritic MT arrays, compared to axonal arrays. This suggests that the native PTM MT
code and MAP code, which are different in axons and dendrites, does affect long
distance motor motility while having no effect on motor directionality.
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In summary, our work provides evidence for a model where KIF21B motor teams
utilize MT track switching and regulation of MT dynamics to traffic cargos with directional
retrograde bias in the dendrites of neurons, despite the variable MT architecture (Figure
3.7). The ability of this motor to recognize and control the MT cytoskeleton sheds light on
the morphological defects observed in both axon and dendrites where KIF21B is
disrupted (Asselin et al., 2020; Morikawa et al., 2018; Muhia et al., 2016). Few kinesins
have been directly implicated in dendritic transport, suggesting that specialized
mechanisms are required to successfully navigate the complex MT organization within
this cellular compartment. It will be of interest to understand if other dendritic kinesin
motors navigate mixed MT arrays with a similar mechanism as that described here for
KIF21B, or whether other motors have adopted alternative strategies.
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V. Materials and Methods
Reagents
Constructs
For in vitro single molecule experiments, HaloTag-KIF21B donor plasmids were
formed by inserting KIF21B sequences (full-length 1-1624 and motor domain 1-657)
from prior constructs (Ghiretti et al., 2016) into pFastBac vectors. Baculovirus containing
bacmid DNA for these constructs were produced at the Protein Expression Facility at
The Wistar Institute.
The K560-GFP plasmid (Addgene #15219) was acquired from the Vale lab
(Woehlke et al., 1997). The K560 sequence was inserted into the pHTC HaloTag CMV
neo vector (Promega, Madison, WI, US, G7711) to build a K560-Halo plasmid. The rigorkinesin (K560 E236A mutant, Addgene #60909) plasmid was acquired from the Vale lab
(Tanenbaum et al., 2014)
For peroxisome recruitment, the KIF21B-mCherry-eDHFR construct was derived
by inserting the KIF21B sequence from the mCherry-KIF21B construct (gift of Matthias
Kneussel, University of Hamburg) into the mCherry-eDHFR plasmid previously
described in Ayloo et al., (2017). The GFP-Halo-Pex3 construct was used as described
in Ayloo et al., (2017).
Protein Expression and Purification
To express KIF21B-FL-Halo and -MD-Halo proteins, Sf9 insect cells (Expression
Systems, Davis, CA, US, 94-001F) were grown to a density of 4x106 cells/mL in ESP
921 media (Expression Systems, 96-001-01) at 27 °C, at which point they were infected
with high titer baculovirus for 48 hr. Cells were pelleted and flash frozen in liquid nitrogen
and stored at −80 °C. On the day of purification, cells were lysed in lysis buffer (10 mM
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Tris, 200 mM NaCl, 2 mM ATP, 4 mM MgCl2, 5 mM DTT, 1 mM EGTA, 0.5% Igepal, 1
mM β-ME, and 0.01 mg/mL aprotinin (GoldBio, St. Louis, MO, US, A-655-100) and
leupeptin (Peptides International, Louisville, KY, US, ILP-4041-100mg), pH 7.5) and
clarified through centrifugation at 42,000 rpm for 1 hr. Lysate was flowed over an AntiFLAG resin (GenScript, Piscataway, NJ, US, L00432) column at 1 mL/min. After
washing bound protein with 10 column volumes (CVs) wash buffer (10 mM Tris, 200 mM
NaCl, 2mM ATP, 4 mM MgCl2, 5 mM DTT, 1 mM EGTA, 1 mM β-ME, and 0.01 mg/mL
aprotinin and leupeptin, pH 7.5), protein was eluted by incubating 1 CV of elution buffer
(10 mM Tris, 200 mM NaCl, 1 mM DTT, 1 mM EGTA, 0.2 mg/mL FLAG peptide (SigmaAldrich, St. Louis, MO, US, SAB1306078-400UL), pH 8.0) with resin beads for 1 hr,
followed by a second 1 CV incubation for 30 min, and three more quick 1 CV incubations
for a total of 5 CVs elution volume. Eluted protein was labeled with either 1.75 µM
AlexaFluor 660 or 2.5 µM TMR HaloTag Ligands (Promega, G8471 and G8251) for 2 hr
on ice. Labeled protein was dialyzed in PEM buffer (100 mM NaPIPES, 50 mM NaCl, 1
mM MgSO4, 1 mM EGTA, pH 6.8) for 2-18 hr. Protein was then flowed over a Q
sephaorse (GE Healthcare, Chicago, IL, US, 17051001) column, and eluted in high salt
buffer (100 mM NaPIPES, 600 mM NaCl, 1 mM MgSO4, 1 mM EGTA, pH 6.8). MT
affinity/dead-head spin was performed by binding motor protein to newly polymerized
MTs (unlabeled, 2uM Paclitaxel (Taxol (Cytoskeleton, Denver, CO, US, TXD01) stabilized) in binding buffer (12 mM NaPIPES, 200 mM KCl, 5 mM MgCl2, 2 mM EGTA,
1 mM AMPPNP, and 20 µM Taxol, pH 6.8) for 30 min. Motors and MTs were pelleted
through centrifugation at 18 krpm for 20 min. Un-bound motors were rinsed using wash
buffer (12 mM NaPIPES, 200 mM KCl, 5 mM MgCl2, 2 mM EGTA, and 20 µM Taxol, pH
6.8). Bound motors were released from MTs through a 5 min incubation in release buffer
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(12 mM NaPIPES, 200 mM KCl, 5 mM MgCl2, 2 mM EGTA, 5 mM ATP, and 20 µM
Taxol, pH 6.8), followed by centrifugation at 18 krpm for 10 min to remove any MTs and
non-active kinesin motors from the supernatant. MT-released protein was aliquoted,
flash frozen and stored in liquid nitrogen.
To produce K560-Halo and K560-GFP protein, plasmids were transformed into
BL21(DE3)pLysE bacteria (Sigma-Aldrich, CMC0015-20X40UL) and grown in TB
supplemented with 50 µg/mL kanamycin and 33 µg/mL chloramphenicol at 37 °C until an
OD600 of 0.4 was reached. Cultures were cooled to 18 °C and protein expression was
induced with 0.15 mM IPTG for 18 hr. Cells were pelleted and flash frozen in liquid
nitrogen and stored at −80 °C. On the day of purification, cells were lysed by
microfluidizer (Microfluidics, Westwood, MA, US) after resuspension in a lysis buffer (50
mM NaPO4, 250 mM NaCl, 20 mM Imidazole, 1 mM MgCl2, 0.5mM ATP, 1 mM β-ME,
0.01 mg/mL aprotinin and leupeptin, pH 6.0), and clarified through centrifugation at
42,000 rpm for 30 min. Lysate was run over a Co2+ agarose bead (GoldBio, H-310-25)
column at 1 mL/min. After washing bound protein with 10 CVs wash buffer (50 mM
NaPO4, 300 mM NaCl, 10 mM Imidazole, 1 mM MgCl2, 0.1 mM ATP, 0.01 mg/mL
aprotinin and leupeptin, pH 7.4), protein was eluted with 5 x 1 CV of elution buffer (50
mM NaPO4, 300 mM NaCl, 150 mM Imidazole, 1 mM MgCl2, 0.1 mM ATP, pH 7.4).
Fractions were pooled and concentrated. Buffer was exchanged to BRB80 (80 mM
NaPIPES, 1 mM MgCl2, 1 mM EGTA, pH 6.8) by loading protein over NAP-10 (GE
Healthcare, 17-0854-01) and PD-10 (GE Healthcare, 17-0851-01) desalting columns.
MT affinity/dead-head spin was performed as described above for KIF21B motors. MTreleased protein was aliquoted, flash frozen and stored in liquid nitrogen.
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To produce rigor-kinesin protein, the construct plasmid was transformed into
BL21(DE3)pLysE bacteria (Sigma-Aldrich, CMC0015-20X40UL), and grown in TB
supplemented with 100 µg/mL ampicillin and 33 µg/mL chloramphenicol at 37 °C until an
OD600 of 0.4 was reached. Cultures were cooled to 18°C and protein expression was
induced with 0.1 mM IPTG for 18 hr. Cells were pelleted and flash frozen in liquid
nitrogen and stored at −80 °C. On the day of purification, cells were lysed by
microfluidizer after resuspension in a lysis buffer (25 mM KPO4, 300 mM NaCl, 40 mM
Imidazole, 1 mM MgCl2, 10% glycerol, 100 µM ATP, 670 mM PMSF, pH 8.0), and
clarified through centrifugation at 42,000 rpm for 30 min. Lysate was run over a
Co2+ agarose bead column at 1 mL/min. After washing bound protein with 10 CVs of
wash buffer at pH 8.0 (300 mM NaCl, 40 mM Imidazole, 1 mM MgCl2, 10% glycerol, 100
µM ATP, 5 mM β-ME, pH 8.0), and 10 CVs wash buffer at pH 7.0, protein was eluted
with 5 CVs of elution buffer (300 mM NaCl, 250 mM Imidazole, 1 mM MgCl2, 10%
glycerol, 100 µM ATP, pH 7.0). Elution fractions were pooled and concentrated. Protein
was aliquoted, flash frozen and stored at -80 °C.
Neuronal Cell Culture
The day before plating neurons, 35-mm glass-bottom dishes (MatTek, Ashland,
MA, US, P35G-1.5-14-C) or 25 mm round coverslips were coated with 0.5 mg/mL polyL-lysine (Sigma-Aldrich, P1274). E18 Sprague–Dawley rat hippocampal neurons were
received from the Neuron Culture Service Center at the University of Pennsylvania and
plated in attachment media (MEM (Gibco®, ThermoFischer, Waltham, MA, US, 1109072) supplemented with 10% horse serum (Gibco®, 26050-070), 33 mM glucose
(Corning, Corning, NY, US, 25-037-CIR), and 1 mM sodium pyruvate (Gibco®, 11360070)) at a density of 100,000 cells per coverslip or 500,000 cells per dish. After 4-6 hr of
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attachment, neurons were cultured at 37 °C with 5% CO2 and maintained in either
maintenance media (Neurobasal (Gibco®, 21103-049) supplemented with 33 mM
glucose (Corning, 25-037-CIR), 2 mM GlutaMAX (Gibco®, 35050-061), 100 units/mL
penicillin and 100 µg/mL streptomycin (Gibco®, 15140-122), and 2% B27 (Gibco®,
17504-044)) or BrainPhys Neuronal Medium with NeuroCult SM1 Neuronal Supplement
(BrainPhys Primary Neuron Kit (StemCell Technologies, Vancouver, CA, 05794)). AraC
(Sigma-Aldrich, C6645) was added at 10 µM 24 hr after initial plating to prevent glial cell
division.
Antibodies
Antibodies and dilutions used in immunofluorescence assays were: rat antiTyrosinated -Tubulin, clone YL1/2 (EMD Millipore Corporation, Billerica, MA, US,
MAB1864, 1:500), mouse anti-Acetylated Tubulin, clone 6-11B-1 ((Sigma-Aldrich,
T7451, 1:1000), goat anti-Rat IgG (H+L) Alexa Fluor 488 (ThermoFischer, A-11006,
1:1000), and goat anti-Mouse IgG (H+L) Alexa Fluor 555 (ThermoFischer, A-21424,
1:1000).
Experimental Procedures
In Vitro Single Molecule Assay
Flow cells were assembled from attaching silane (PlusOne Repel Silane, GE
Healthcare, 17-1332-01) coated coverslips and cleaned glass slides together with
double-side stick tape to form ~ 10 μL flow chambers. Each flow cell was treated as
follows: (1) 10 μL 1µM rigor-kinesin incubated for 5 min; (2) 30 μL 5% pluronic F-127
(Sigma-Aldrich, P2443-250G) incubated for 5 min; (3) 30 μL casein wash buffer (30 mM
DTT, 1 mg/mL filtered casein (Sigma-Aldrich, C5890-500G) in BRB80 pH 6.8); (4) 50 μL
of 1 μM MT seeds incubated for 2 min. Seeds were formed by shearing larger MTs
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(GMPCPP-stabilized, labeled 1:40 with HiLyte 488 tubulin (Cytoskeleton, TL488M-B)
with a Hamilton syringe (Avanti Polar Lipids, Alabaster, AL, US, 610015). Seeds were
aligned in the direction of flow by flowing in the seed solution with the chamber glass at a
low-grade angle to keep the flow slow and continuous; (5) 30 μL casein wash buffer; (6)
20 μL final flow mixture incubated while imaging. Final flow: 0-50 nM kinesin motor, 10
µM tubulin (labeled 1:20 with HiLyte 488 tubulin, 1 mM ATP, 1 mM GTP, 0.32 mg/mL
casein, 0.32 mg/mL bovine serum albumin (BSA) (Fischer Scientific, ThermoFischer
Scientific, 50-253-90), 9.7 mM DTT, 15.5 glucose, 119 U/mL glucose oxidase (SigmaAldrich, G2133-250KU), 278 U/mg catalase (Sigma-Aldrich, C100-500MG), 0.244
mg/mL creatine phosphokinase (Sigma-Aldrich, C3755-35KU), 11.5 mM
phosphocreatine (Sigma-Aldrich, P7936-1G , and 0.2% Methylcellulose, diluted in
BRB80 pH 6.8. For KIF21B-FL multimerization experiments, final flow was diluted in
P12T (12 mM NaPIPES, 2 mM MgCl2, 1 mM EGTA, pH 6.8).
TIRF Nucleation Assay
Flow cells were assembled by attaching silane coated coverslips and cleaned
glass slides together with double-side stick tape to form ~ 10 μL flow chambers. Each
flow cell was blocked with 5% pluronic F-127 incubated for 5 min and washed with
casein wash buffer (30 mM DTT, 1 mg/mL filtered casein in BRB80 pH 6.8) prior to
addition of final flow solution. A final flow (0-50 nM kinesin motor, 10 µM tubulin (labeled
1:20 with HiLyte 488 tubulin, 1 mM ATP, 1 mM GTP, 0.32 mg/mL casein, 0.32 mg/mL
BSA, 9.7 mM DTT, 15.5 glucose, 119 U/mL glucose oxidase, 278 U/mg catalase, 0.244
mg/mL creatine phosphokinase, 11.5 mM phosphocreatine, and 0.2% Methylcellulose,
diluted in BRB80 pH 6.8) was added to chambers and heated to 35°C with an objective
collar. Chambers were imaged 10 min after incubation with final flow solution.
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Light Scattering Assay
Wells of a 96-well half area UV transparent plate (Corning, 3679) were used to
mix solutions containing 50 nM kinesin motor, 10 µM Taxol or BRB80 in assay buffer (10
µM tubulin, 10% glycerol (v/v), 4 mM DTT, 1 mM GTP, 1 mM ATP, and 0.133 mg/mL
casein diluted in BRB80 pH 6.8). Solutions were pipetted as triplicates. Absorbance
values of each well were measured at 340 nm every min at 37 °C using a prewarmed
SynergyMx platereader (BioTek).
Motor-PAINT Assay
MT arrays in neurons were fixed and stabilized as described (Tas et al., 2017)
with slight modifications. Briefly, membranes were removed from neurons cultured in
MatTek dishes at 8-10 days in vitro (DIV) by incubating cells with extraction buffer (1M
sucrose, 0.15% Triton X-100 (Roche, Basel, CH, MilliporeSigma, 10789704001) in
BRB80 pH 6.8 at 37 °C) for 1 min. An equal amount of fixation buffer (1%
paraformaldehyde (PFA (Affymetrix, ThermoFischer Scientific, 199431LT) in BRB80 pH
6.8 at 37 °C) was added for 1 min with gentle swirling. Dishes were rinsed 3 times with
wash buffer (2 µM Taxol in BRB80 pH 6.8 at 37°C). Dishes were washed once more
right before imaging. To image, wash buffer was replaced with imaging buffer (1 mM
ATP, 2 µM Taxol, 0.133 mg/mL casein, 0.133 mg/mL BSA, 4 mM DTT, 6 mg/mL
glucose, 49 U/mL glucose oxidase, 115 U/mg catalase, 0.21 mg/mL creatine
phosphokinase, and 4.76 mM phosphocreatine in BRB80 pH 6.8) containing 5-10 nM
KIF21B-Halo-660 motor and 5-10 nM K560-GFP motor.
Immunofluorescence
At 8-10 DIV, hippocampal neurons plated coverslips were either extracted and
fixed as described for motor-PAINT assay or alternatively fixed with 37 °C warmed 4%
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PFA in PBS (50 mM NaPO4, 150 mM NaCl pH 7.4) for 10 min, followed by 3 PBS
washes and permeabilization in 0.1% Triton-X100 in PBS for 10 min. Coverslips were
blocked with cell block (0.2% Triton-X100 and 3% BSA in PBS) for 2 hr at room
temperature. Primary antibodies were diluted as described above in cell block and
incubated on coverslips for 2 hr at room temperature. Coverslips were then washed
three times, for 10 min each, with PBS. Alexa-conjugated secondary antibodies were
diluted in cell block and incubated on coverslips for 1 hr at room temperature. Coverslips
were washed again three times with PBS, each for 10 min. Coverslips were rinsed in
dH2O and mounted on glass slides with ProLong Gold antifade reagent (Invitrogen,
P36930).
Induced Recruitment Assay
Induced recruitment experiments with KIF21B motors was performed in DIV 8-10
hippocampal neurons as previously described (Ayloo et al., 2017), with the exception of
transfecting hippocampal neurons with DNA plasmids for PEX3-GFP-Halo and either
full-length KIF21B(aa1-1624)-mCherry-eDHFR or motor domain truncated KIF21B(aa1657)-mCherry-eDHFR. Cells were incubated with 100 nM Nocodazole (Sigma-Aldrich,
M1404-10MG), or dimethyl solfoxide (DMSO, ACROS Organics, Geel, BE, 326881000)
as well as 10 µM cTMP-Htag (Ballister et al., 2015) or CTH (H. Zhang et al., 2017)
dimerizer 30 min before imaging.
Microscopy
Single molecule and Motor-PAINT assays with dynamic MTs were performed at
37 °C using a PerkinElmer Nikon Eclipse Ti TIRF system, using a Nikon Apo TIRF 100x
1.49 NA oil-immersion objective and a Hamamatsu ImagEM C9100-13 EMCCD camera
operated by Volocity software (PerkinElmer, Waltham, MA, US, version 6.4.0). TIRF MT
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nucleation experiments were performed at 35 °C using a dual-view Leica TIRF
microscope, with an Olympus UplanApo 60x 1.45 NA oil-immersion objective and an
Andor iXon Ultra EMCCD camera operated with Metamorph software (Molecular
Devices, San Jose, CA, US, version 7.10.3.279). Immunofluorescence images were
acquired with a Leica DMI6000 inverted microscope, using an HCX PL APO 40x 1.25
NA oil-immersion objective and a Hamamatsu ORCA-R2 CCD camera operated with
Leica Application Suite X (LAS X) software (Leica Microsystems, Buffalo Grove, IL, US,
version 3.0.3.279). Induced recruitment assays were performed at 37 °C using a Perkin
Elmer Nikon Eclipse spinning-disk confocal Ultraview VoX system equipped with a 405
nm Ultraview Photokinesis accessory, using a Hamamatsu ImagEM C9100-50 EMCD
camera operated by Volocity software.
Movies in each experiment were taken with different frame rates. Motor-PAINT
movies were obtained by continuously acquiring motor images at 5 frames/s (FPS) for 2
min. Peroxisome-motor induced recruitment movies were taken by imaging both
peroxisome and motor images at 2 FPS for 20 s prior to photoactivation, followed by 2
FPS for 2-5 min after photoactivation. In vitro assay bleaching movies of KIF21B
multimers was acquired by continuously acquiring motor images at 5 FPS for 5-15 min.
In vitro assay movies of KIF21B multimers and single molecules were obtained by
acquiring motor images at 5 FPS while acquiring MT track images at 1 frame/second for
2 min. Every 6th frame of these movies was skipped to image the growing MTs. In vitro
assays of dynamic MTs were obtained by continuously acquiring MT images at 2 FPS
for 10 min.
Quantification and Statistical Analysis
Protein composition
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Recombinant protein concentration was assessed using a Pierce BCA Protein
Assay Kit (ThermoFischer, 23225). Protein purity was assessed through western blotting
with Odyssey CLx Imaging System (LI-COR Biosciences, Lincoln, NE, US) using Image
Studio Lite version 5.2.5.
Motor Multimerization Calibration
We measured the number of TMR Halo tag ligands bound to each KIF21B
peptide through stepwise bleaching as well as the corresponding intensity values for
each step. We then fit a linear equation to the data to describe the number of TMR dyes
and the measured intensity and calculated the intensity for 2 TMR dyes, corresponding
to one motor dimer to within one standard deviation. We applied the ratio of this value to
the mean intensity of the population of all spots measured to that of the moving spot
data to determine the intensity threshold limit of a motor dimer.
Single Particle Tracking
Single kinesin particles moving along extracted axonal and dendritic MT arrays
were segmented out with Cega (Masucci, Relich et al., 2020) and tracked with a
modified version of the software used in Schwartz et al., (2017) and described in Relich,
(2016), which is a tracking algorithm inspired by u-track (Jaqaman et al., 2008). Cega
modified the initial candidate motor finding step to greatly enhance the quality of the
downstream tracking processes when analyzing data that has heterogeneous
background fluorescence and nuisance particles. To eliminate particles moving along
arrays belonging to another nearby process, a dilated binary mask was applied. Once
the candidates were identified, the original movie images were analyzed by the
localization algorithm with tracking performed by an algorithm similar to Schwartz et al.,
(2017). Analysis of track segment directionality was performed for segments that moved
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within 50-400 nm and belonged to a track with more than 3 connected segments.
Intensity information for track segments was calculated from the original unmodified
movie data.
Image/Kymograph Analysis
For single molecule experiments using dynamic MTs, growth and catastrophe
events along growing MTs were characterized by a change in the MT plus-end position
that exceeded 0.5 µm. Dynamic MT tracing was accomplished using MATLAB R2019a
software (MathWorks, Natick, MA, US, version 9.6.0.1174912). Purified KIF21B motility
and dynamic MT behavior was analyzed with kymographs generated along the MT longaxis. Unless specifically states, we focused on analyzing only motor particles whose
intensity was consistent with single molecules, of which of which ~ 50% were fully
labeled. Run distances and velocities were quantified for motor runs that extend 0.5 µm
(3 pixels) or more. Run distances were measured as the sum of run lengths in each
direction for an individual motor. Track switches are characterized by a reversal in run
direction that exceeds 0.5 µm. Along extracted MT arrays the directional switches for
each kinesin were quantified by analyzing kymographs of motor movement along the
midline of each process. The frequency of switching was calculated by counting the
number of motors that switched direction or did not switch direction along the center line
of each kymograph. Switches were quantified for motor runs that extended 0.5 µm or
more.
For neuron experiments, axons and dendrites were identified based on
morphologic criteria as previously outlined (Kaech & Banker, 2006). At 8-10 DIV,
dendrite lengths in our cultures were ~ 50-100 µm. For motor induced recruitment
experiments, only neurons expressing both of the co-transfected GFP and mCherry
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markers were imaged. Peroxisome motility was analyzed using kymographs generated
along the length of each process using the Multi Kymograph plugin for Fiji version 1.8.066 (ImageJ 1.53c, National Institutes of Health, Bathesda, MD). Peroxisome diameter
was measured along the long axis of each corresponding process. Run distances and
velocities were quantified for peroxisomes that moved greater than 3 µm. Run distances
were measured as the total sum of distances run in each direction for an individual
organelle. Peroxisome movement was considered bi-directional if the organelle moved
greater than 0.4 µm in both the anterograde and retrograde directions. Peroxisome
switches were quantified for organelles that moved more than 0.4 µm in the opposing
direction.
Statistical Analysis
Data from each experiment was analyzed from a minimum of three independent
replicates, unless otherwise noted. Our statistical analysis was performed in GraphPad
Prism (version 9.0.1 (151), Prism 9, San Diego, CA, US). We used a two-tailed MannWhitney test to compare two variables and Kruskal-Wallis ANOVA with Dunn’s multiple
comparisons or Ordinary one-way ANOVA to compare multiple variables. A Wilcoxon
signed-rank test was used to determine if values were significantly different from 60%,
and an F test was used to determine if values were significantly different from zero.
Statistical values are mentioned in figure legends.
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CHAPTER 4: Conclusions and Future Directions
We investigated how KIF21B activity promotes a net retrograde movement of
cargos along mixed polarity MT arrays. We tested the functions of KIF21B using in vitro
reconstitution assays with engineered and native extracted MT bundles, as well as live
cell optogenetic motor recruitment experiments with native and perturbed MT dynamics.
Purified KIF21B motors were found to switch tracks on engineered antiparallel MTs in
vitro and switch between anterograde and retrograde movement on stabilized dendritic
MT arrays prepared by cell extraction and native dynamic MT arrays in live cells. We
found that the nucleotide independent MT binding regions (MTRs) of purified KIF21B
motors promote track switching and allow for dramatic stabilization of MT dynamics. In
the process, we found that current SPT algorithms failed to detect moving motors within
these systems, as they contained non-uniform and high background fluorescence. In
collaboration with Melike Lakadamyali’s group we developed Cega to segment and
analyze purified KIF21B motors moving in systems with non-uniform and high
background fluorescence. We also observed that KIF21B motors did not exhibit
directional bias along stabilized extracted dendritic MT arrays, but were able to produce
net retrograde movement along native dynamic MT arrays in live cells. Both native MT
dynamics and the MTRs of KIF21B were required to achieve a net retrograde bias for
the motility of dendritic cargos. Together these results indicate a mechanism where
KIF21B teams bound to dendritic cargos coordinate both motor domains and MTRs to
regulate MT dynamics and promote track switching to achieve long distance retrograde
transport. In the following sections, I will relate these findings to our current
understanding of particle tracking and intracellular transport and suggest future
directions.
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Single Particle Tracking to Large Object Tracking
Current tracking software programs such as u-track (Jaqaman et al., 2008) and
TrackMate (Tinevez et al., 2017) have made great advances in the analysis of typical in
vitro and live cell systems that use fluorescence microscopy to image movement of
objects over time. However, as experimental systems become more complex,
background signal often increases and becomes non-uniform, posing a significant
challenge to current software. In collaboration with Melike Lakadamyali’s lab, we
developed Cega to analyze the motility of fluorescently tagged kinesin motors along
extracted axonal and dendritic MTs containing non-uniform structural background
fluorescence along with a high proportion of stationary fluorescent particles due to
nonspecific binding that together represent experimentally structured noise. By using
statistical hypothesis techniques to segment background, we were able to track moving
particles more reliably while discarding nuisance objects. Importantly, Cega spot
detection allowed for the tracking of motors that change directions, something that
programs such as u-track (Jaqaman et al., 2008) and TrackMate (Tinevez et al., 2017)
were unable to accomplish with this experimental dataset.
Cega serves as a substitute for candidate finding step of current SPT software
available, and was optimized to detect moving fluorescent objects acquired from
experiments performed under conditions that include high noise, and (Jaqaman et al.,
2008; Relich, 2016; Schwartz et al., 2017; Tinevez et al., 2017). The downstream SPT
algorithms currently available are simplified, and can be improved by keeping track of
particle information, such as signal and movement information, as well as background
information in the localization algorithm and in the cost matrix used to solve the LAP and
gap closing algorithms for more accurate trajectory determination. In addition, both Cega
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and tracking algorithms rely on the PSF to define particle positions, which limits the use
of these trackers to single diffraction limited molecules with uniform size (Bates et al.,
2007; Dorn et al., 2005; Jaqaman et al., 2008; Ober et al., 2004; Olah, 2017/2019;
Schwartz et al., 2017; Shroff et al., 2007; Thomann et al., 2002; Tinevez et al., 2017;
Yildiz & Selvin, 2005). Automated tracking of larger objects, such as organelles and cells
above the diffraction limit, is difficult since the PSF cannot be used to determine object
center positions, especially for large objects with size, shape and signal heterogeneity
that complicate the use of smoothing and edge detection techniques (Girault et al., 2016;
S. Liu et al., 2013; Olivo-Marin, 2002; Tvaruskó et al., 1999). Manual analysis of large
moving objects is possible, but fails in completeness and consistency (Jaqaman &
Danuser, 2009), making object tracking within biological data increasingly important,
especially as datasets become more complex. At a minimum, the filtering steps used in
Cega can be applied other datasets to clean up unwanted noise and assist in manual
analysis. A good candidate for this type of filtering is the fluorescent fill produced from
the expression of fluorescently tagged proteins in cells, such as EB3, that results in high
background noise of non-MT bound EB3 particles, and heterogeneous signal of EB3
comets along growing MTs, making accurate detection of EB3 comets difficult
(Applegate et al., 2011). Applying the Cega filtering steps to these systems will remove
the non-moving background noise present, so that only the signal of moving EB3 comets
is left. By removing non-moving signal, the signal of EB3 comets will be enhanced and
individual comets can then be resolved and accurately thresholded and detected with a
PSF, since they are relatively small and uniform in size in size. EB3 positions can then
be accurately tracked over time to determine MT plus-end dynamics in cells that would
otherwise not be detected.
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In addition to this, there is potential to apply Cega to detect the positions of large
objects over time prior to tracking. Organelles such as peroxisomes, mitochondria and
the endoplasmic reticulum (ER) are constantly rearranged and moved around the cell to
regions of need (Miettinen & Björklund, 2017; Schwarz & Blower, 2016; Smith &
Aitchison, 2013), and their movement can be tracked in live cells over time. However,
the relative location of labeled organelles relative to the focal plane changes as they
move and results in heterogeneity in the fluorescence signal profile of each organelle
over time. Therefore, before detecting center positions, objects above the diffraction limit
require smoothing of signal to make uniform blobs, while accurately maintaining the
object edges and center positions (Girault et al., 2016; S. Liu et al., 2013; Olivo-Marin,
2002; Tvaruskó et al., 1999). Reducing the noise of a dataset with Cega filtering would
remove a portion of the noise of non-moving background and overlapping objects
responsible for the fluctuating signal of these large objects and would assist in the
smoothing of non-uniform signal necessary before object edge detection. Doing so,
along with refining object edges with original data signal information, would result in
more accurate edge detection and calculation of object center positions.
In preliminary work, Cega filtering has been instrumental in removing noise to
detect labeled peroxisomes in live cells. Peroxisomes are heterogeneous in size and
signal depending on their proximity to the focal plane during imaging. In addition, in
some regions, such as the cell body of neurons, peroxisomes frequently overlap, making
detection of each peroxisome difficult. Cega is able to remove the background noise in
this system and enhance the signal of each individual peroxisome relative to its local
background, so that even the signal of overlapping peroxisomes is improved. However,
because of the variation in peroxisome size, the PSF cannot be used to determine
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peroxisome positions. A PSF with a small σ results in large peroxisomes detected with
multiple positions while a large σ results in smaller peroxisome positions ignored as they
are combined with bigger peroxisomes. Therefore, for optimal use Cega should be used
to filter out noise in these systems prior to tracking and should be used in combination
with current tracking algorithms designed for large objects.
Motors and the Cytoskeletal Code
Both MT and AF networks are composed of varying combinations of PTMs and
MT and AF binding proteins that generate an intricate cytoskeletal code critical to the
functioning of several systems including migrating cells, muscle contraction, and cell
division (Bodakuntla et al., 2019; Holly V. Goodson & Jonasson, 2018; Janke, 2014;
Lappalainen, 2016; Pollard, 2016; Y. Song & Brady, 2015; Varland et al., 2019). In
neurons, dendritic MTs consist of a complicated set of PTMs and MAPs that have been
suggested to regulate motor motility and binding preference for proper cargo transport
(Bai et al., 2016; Karasmanis et al., 2018; Katrukha et al., 2021; Lipka et al., 2016; Tas
et al., 2017). However, when we take a closer look, we see that there is some
organization to the MT code. Stable acetylated MTs are localized internally, and have
been shown to be oriented with their minus-ends outward (Balabanian et al., 2017;
Katrukha et al., 2021; Monroy et al., 2018, 2020; Tas et al., 2017). In contrast dynamic
tyrosinated MTs are localized to the periphery of the dendrite cell membrane and are
oriented with plus-ends extending outward. This organization sets up a way for motors to
navigate dendritic MT arrays processively by preferentially recognizing tubulin
tyrosination, MAPs that bind to tyrosinated tubulin, or the MT spacing or dynamics of
these MTs oriented plus-end out to promote plus-end directed motor motility in the
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anterograde direction. In contrast, kinesins that have a preference against these factors
will generate movement along stabilized plus-end in oriented MTs for retrograde biased
motility. Motor teams composed of kinesins that do not display a preference for either
MT type will generate a majority of force along stable acetylated MTs over dynamic
tyrosinated MTs and will likely also result in retrograde biased motility. My thesis work
suggests that KIF21B motors read MT stability and generate a majority of motion along
more stable acetylated MTs within the center of the dendrite, while ignoring more
dynamic tyrosinated MTs oriented plus-end out at the plasma membrane.
While studying the effects of manipulating the MT cytoskeleton in whole cells is
possible, it is difficult to understand molecular mechanisms due to the complexity of the
environment and lack of spatial and temporal resolution. Alternatively, we can test each
one of these separately in vitro using MTs composed of purified tubulin PTMs, purified
MAPs, engineered MT bundles bound by MAPs, and MT dynamics with modified tubulin.
However, in vitro systems are too simple for this determination, and only in live cells,
when native MTs were present, could we determine which MT factors were directing
KIF21B biased retrograde transport. An in vitro reconstituted system with preserved
native tubulin PTMs, MAPs and MT spacing present in cells can be created through
membrane extraction following the motor-PAINT protocol (Tas et al., 2017). In these
systems, the level of tubulin PTMs, MAPs, and MT spacing can be manipulated prior to
extraction by performing knockdown and overexpression techniques to test kinesin
motility dependence on specific factors. In addition, purified proteins can be added to
test their influence on motor movement.
Despite the control that the extracted MT system provides, both stable plus-end
in and dynamic plus-end out MTs are stabilized during extraction and adding back their
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dynamics is very difficult. In the extracted system, dynamic MTs are needed to be
nucleated off of the stabilized tyrosinated MTs, while more stable MTs are needed to be
formed off of acetylated MTs. This can only be accomplished by adding in a mixture of
several purified components. First, adding back in purified tubulin and GTP will induce
MT polymerization from all stabilized MTs, both tyrosinated and acetylated. In addition to
this, MAP2, or other stabilizing and crosslinking MAPs, can be added back to control MT
spacing and stabilize the growing MTs. The final factor that is required is something that
preferentially forces the MTs nucleated off of stable tyrosinated MTs to be more
dynamic. This can be accomplished by including depolymerizing enzymes, such as
kinesin-13 MCAK, that preferentially diffuse along tyrosinated MTs (Ferreira et al., 2020;
Peris et al., 2009) and can be used to keep the growing MTs off of tyrosinated MTs more
dynamic, while leaving those grown off of acetylated MTs alone. This extracted system
can then be optimized in future experiments to tease apart the influence of MT dynamics
and bundling on motor activity.
In addition to KIF21B, there are many other kinesins that are of interest to test
the influence of the dendritic code. Although KIF21B can move cargos long distances in
dendrites, the very closely related kinesin-4 KIF21A motor is inactive when artificially
recruited to dendritic cargos in live neurons (Amy Ghiretti, unpublished). However,
KIF21A is known to adopt an autoinhibited conformation (Bianchi et al., 2016), and it is
possible that KIF21A cannot read the MT code in cells due to autoinhibition. The
systems described above can be used to test if purified KIF21A is capable of reading
dendritic MTs, like KIF21B, when autoinhibition is relieved with the addition of the
proposed regulatory factor KANK1 (Kakinuma & Kiyama, 2009). In addition to KIF21B,
many other kinesins operate to move cargo along dendritic MT arrays (Lipka et al., 2016;
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Nakagawa et al., 1997; Saito et al., 1997; M. Setou et al., 2000; Mitsutoshi Setou et al.,
2002; Twelvetrees et al., 2010). Because we cannot tease apart the influence of specific
MT code factors on kinesin-1 motility in vivo and we lack a unified understanding of the
influence of the MT code on kinesin-1 in simplified in vitro systems, it is important to test
the activity of kinesin-1 motors in the extracted system proposed above to better
understand the mechanisms driving kinesin-1 cargo transport. Another interesting
candidate for testing the influence of the dendritic MT code on is kinesin-3 KIF13B. The
plus-end directed KIF13B localizes mainly to dendrites and displays processive motility
along dendritic MTs, and appear to show anterograde bias (Jenkins et al., 2012).
However, not much is known about KIF13B motility properties in cells and in vitro.
Similar to KIF21B and KIF21A, the KIF13B and KIF13A motor pair also are differentially
localized within neurons, despite similar sequence homology, which suggests that
KIF13B has adapted specific functions to make sense of the dendritic MT code. These
functions can be tested in the extracted system with added complexity mentioned above.
The extracted cytoskeletal system can also be used to test the influence of the
combined MT and AF code on cargo transport. In addition to MTs, AFs are also
maintained during extraction. Assuming that actin PTMs and binding proteins are
maintained in a similar way to that of MTs, the extracted system can be used to study
regions such as dendritic spines and growth cones. In dendritic spines, when neurons
are stimulated, AF density increases and nearby MTs are signaled to invade (Gray et al.,
1982; Gu et al., 2008; Honkura et al., 2008; X. Hu et al., 2011; Merriam et al., 2013;
Westrum et al., 1980). It is thought that MT invasion is mediated by the MT/AF
crosslinking protein DrebrinA, which dynamically rearranges upon increased AF density
and functions to capture nearby MT plus-ends (Merriam et al., 2013; Takahashi et al.,
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2003). In addition, MT invasion is required for the entry of synaptic vesicles into dendritic
spines (X. Hu et al., 2011; McVicker et al., 2011). However, the factors related to
dynamic MT invasion into spines and the mechanism of cargo selection for transport into
dendritic spines during stimulation are not well understood. In addition, in growth cones,
dynamic MTs from the shaft of the axon polymerize into the AF mesh within the growth
cone to mediate trafficking of material and these dynamic rearrangements are necessary
for axon growth and neural development (Mansfield & Gordon-Weeks, 1991). Many
proteins have been suggested to mediate the crosstalk between MTs and AFs in growth
cones (Dutta & Maiti, 2015; Henty-Ridilla et al., 2016; Krainer et al., 2013; Kundu et al.,
2020; Szikora et al., 2017). However, the exact mechanism by which these proteins
coordinate to mediate MT-AF interactions and the trafficking of cargos along these
dynamic cytoskeletal crosslinks is not well understood. These mechanisms can be
solved by creating a reconstituted extracted system of these dynamic overlaps with the
motor-PAINT protocol (Brawley & Rock, 2009; Tas et al., 2017). Extracted stabilized MT
and AF filaments can be used as templates for the growth of new dynamic filaments to
recreate the native dynamic filament overlaps seen in live dendritic spines and growth
cones, but without extraneous unknown factors, and present the perfect system to add
back purified MT and AF factors, MT/AF crosslinking proteins, motor proteins and motor
complexes to understand these problems.
Concluding Remarks
Most of our understanding of motor-based trafficking comes from observations of
motors moving along simplified radial and axonal MT arrays in live cells and in simplified
in vitro systems with purified components. Improved analysis tools along with more
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complex reconstituted systems generated from cell extraction opens the door to address
the full capabilities of motor proteins and their regulation by cytoskeletal components. It
is with these methods that we probed KIF21B motility to understand which motor
properties contribute to long distance, retrograde biased movement along mixed polarity
dendritic MT arrays. With these new assays and analysis tools, we can assess how the
dendritic MT code influence the trafficking of other dendritic motors as well as determine
how other complex cytoskeletal networks influence cargo trafficking.
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APPENDIX: SUPPLEMENTAL VIDEO LEGENDS
Video S1. Cega processing steps for axonal movie. Movies are displayed from top to
bottom as follows: original movie, calibrated movie, stationary movie, motion movie, KL
divergence movie, connectivity filter movie, and LoG movie. Brightness and contrast
were adjusted differently for each movie to show best comparison. Movie set to play 10
fps, and scale bar set at 10 μm.

Video S2. Zoom-in of Video 1. Movie set to play 10 fps, and scale bar set at 2 μm.

Video S3. Cega processing steps for dendritic movie. Movies are displayed from top
to bottom as follows: original movie, calibrated movie, stationary movie, motion movie,
KL divergence movie, connectivity filter movie, and LoG movie. Brightness and contrast
were adjusted differently for each movie to show best comparison. Movie set to play 10
fps, and scale bar set at 10 μm.

Video S4. Zoom-in of Video 3. Movie set to play 10 fps, and scale bar set at 2 μm.

Video S5. Detected particles using Cega for each processing step of axonal
movie. Movies are displayed from top to bottom as follows: original movie, calibrated
movie, stationary movie, motion movie, KL divergence movie, connectivity filter movie,
LoG movie, track movie with LoG movie overlay, cumulative track movie. All movies
except the last consist of the original movie with red or green boxes added to indicate
locations of detected particles. Red boxes indicate locations of detected particles for
each filtering step, while overlaid green boxes indicate particle positions detected after
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LoG filtering with Cega. The track movie overlaid on the LoG movie shows tracks
detected within the last 5 frames, while the cumulative track movie indicates all tracks
detected up until the current frame. Cyan colored tracks indicate particles moving to the
anterograde (left) direction, while magenta colored tracks indicate those moving in the
retrograde (right) direction. Movie set to play 10 fps, and scale bar set at 10 μm.

Video S6. Zoom-in of Video 5. Movie set to play 10 fps, and scale bar set at 2 μm.

Video S7. Detected particles using Cega for each processing step of dendritic
movie. Movies are displayed from top to bottom as follows: original movie, calibrated
movie, stationary movie, motion movie, KL divergence movie, connectivity filter movie,
LoG movie, track movie with LoG movie overlay, cumulative track movie. All movies
except the last consist of the original movie with red or green boxes added to indicate
locations of detected particles. Red boxes indicate locations of detected particles for
each filtering step, while overlaid green boxes indicate particle positions detected after
LoG filtering with Cega. The track movie overlaid on the LoG movie shows tracks
detected within the last 5 frames, while the cumulative track movie indicates all tracks
detected up until the current frame. Cyan colored tracks indicate particles moving to the
anterograde (left) direction, while magenta colored tracks indicate those moving in the
retrograde (right) direction. Movie set to play 10 fps, and scale bar set at 10 μm.

Video S8. Zoom-in of Video 7. Movie set to play 10 fps, and scale bar set at 2 μm.

160

Video S9. Purified KIF21B-FL motor motility along single dynamic MTs. KIF21B-FLHalo motors move towards the growing plus-end of the MT. Movie formatted at 30 fps.
Scale bar: 5 µm.

Video S10. Purified KIF21B-FL motor motility along dynamic MTs forming a
parallel bundle. KIF21B-FL-Halo motors move towards the growing plus-ends of each
MT. Movie formatted at 30 fps. Scale bar: 5 µm.

Video S11. Purified KIF21B-FL motor motility along dynamic MTs forming an
antiparallel bundle. KIF21B-FL-Halo motors move towards the growing plus-ends of
each MT. Some motors switch from movement along one MT to the other to change
direction. Movie formatted at 30 fps. Scale bar: 5 µm.

Video S12. Purified K560-GFP motor motility along extracted axonal MT arrays.
K560-GFP motors move mainly in the anterograde direction along axonal MTs. Movie
formatted at 10 fps. Scale bar: 5 µm.

Video S13. Purified K560-GFP motor motility along extracted dendritic MT arrays.
K560-GFP motors move in both anterograde and retrograde directions along dendritic
MTs. Some areas contain motor movement in mainly one direction. Movie formatted at
10 fps. Scale bar: 5 µm.

Video S14. Induced recruitment of KIF21B motors to peroxisome cargo in axons of
live neurons. KIF21B-FL recruited peroxisomes move in the anterograde direction
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immediately after photoactivation. White box indicates area of photoactivation. Green
and red arrowheads indicate the locations of photoactivated peroxisomes with
successful KIF21B-Fl recruitment in both the PEX3 and KIF21B fluorescence channel,
respectively. Movie formatted at 10 fps. Scale bar: 5 µm.

Video S15. Induced recruitment of KIF21B motors to peroxisome cargo in
dendrites of live neurons. About 6 s after photoactivation, KIF21B-FL recruited
peroxisomes in dendrites move in the retrograde direction. White box indicates area of
photoactivation. Green and red arrowheads indicate the locations of photoactivated
peroxisomes with successful KIF21B-FL recruitment in both the PEX3 and KIF21B
fluorescence channel, respectively. Movie formatted at 10 fps. Scale bar: 5 µm.
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